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ABSTRACT
Current energy crisis has dramatically shifted the focus of technological advancements
towards clean and renewable forms of energy. Continued dependence and utilization of fossil
fuels has created global awareness on harmful greenhouse gas emissions and climate change. A
need for sustainable technology has gained a lot of significance in the recent years. This has led
to the development of devices and technologies that rely on environmentally friendly
electrochemical conversion and storage of energy. One such advancement that generates
electrical energy from chemical reactions is known as fuel cell technology. While fuel cells have
demonstrated potential in replacing the conventional technologies involving combustion of
natural gas, concerns arise due to its cost of commercialization and durability. High cost of this
technology is primarily due to the use of expensive platinum group metals as electrode materials.
Hence, substantial progress in this field relies on developing alternate cheaper and abundant
electrode materials, without compromising the performance. Lately, non-noble metal based
catalysts have gained increasing attention as electrode materials in fuel cell reactions. However,
sluggish kinetics of electrocatalytic oxygen evolution and reduction reactions (OER/ORR) pose a
great challenge towards achieving excellent activity and stability. This dissertation aims towards
synthesis of low cost electrode materials to improve performance of oxygen electrocatalysis.
Transition metal-based catalysts have demonstrated widespread potential as alternate
electrode materials for oxygen electrocatalysis. A crucial aspect that is identified to affect overall
performance is the binding strength of reaction intermediates at the active metal site. Keeping
this in mind, the focus of this dissertation is directed towards tuning the surface electronic
viii

properties of the active metal site towards enhanced improved kinetics and performance. This is
achieved using various strategies like doping, generation of defects and surface functionalization.
Finally, insights on forming highly active metal sites during the electrochemical process are
studied. Three different catalyst systems used in this work are tungsten oxide, nickel phosphide
and cobalt chalcogenides.
Using crystal engineering technique, the intrinsic properties of WO3 are altered via rareearth doping of La into the oxide matrix. The significance of La addition is shown to influence
the morphology of WO3 nanoparticles and the amount of lattice oxygen vacancies. Further,
selective exposure of catalytically active crystallographic facet and its growth mechanism
elucidated. Introduction of basic sites via La doping drives the ORR performance by favoring the
adsorption of surface hydroxyl ions and improves overall catalytic activity. In addition to this, La
doped WO3 with lattice oxygen vacancies provide additional binding sites for ORR.
Surface electronic properties of the active metal site also depend on the electronegativity
of interacting ligands. Towards this effect, Ni and Co based catalysts have been explored with
ligands like nitrogen and phosphorous. The hybrid superstructure, consisting of a conducting
polymer, introduces a new synthesis route for PPy analogs of metal phosphides, for applications
in OER. In combination with PPy, the electron affinity of metal site is modified to generate
synergic M-N sites that are illustrated to be more active towards catalysis. Highly electropositive
Ni sites facilitate adsorption of the hydroxyl and thereby, decrease the Tafel slopes. Introduction
of conducting polymer also affects the overall charge transfer properties of the catalyst. Presynthesized polymers intercalate amongst the transition metal catalysts, providing a constant
conducting matrix. Instead of employing multi-step synthesis for two metal sites, simultaneous
synthesis of CoSe2-MoSe2 along with PEDOT is demonstrated to generate anion vacancy
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defects. Multiple defect sites like lattice dislocations, Moiré patterns and bond defects are
revealed using electron microscopy studies. These defect sites are demonstrated to significantly
alter the hydroxyl binding energy properties.
Metal chalcogenides are a class of non-noble metal catalysts that provide a wide range of
stable stoichiometries in distinct crystal structure and tunable properties. This work focusses on
elucidating the structural relation of cobalt chalcogenides towards OER, in hexagonal and cubic
crystal systems. It is demonstrated that differences in coordination number and bond lengths
allow varying degree of stable surface oxidation during OER. Cubic chalcogenides favor the
formation of Co3+ by adsorption of hydroxyl ions. In particular, selenides exhibit excellent OER
performance as higher metallic character aids electron conductivity in the core of the catalyst.
Additionally, effect of varying anions and crystal structure on the catalytic performance is
provided in detail.
This dissertation demonstrates the ability of these catalysts to lower the overpotential
required for oxygen electrocatalysis, by selectively altering material properties. Fundamental
insights on tuning the material properties help design better catalysts for OER.
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CHAPTER 1: INTRODUCTION
1.1 Clean and Renewable Energy – An electrochemical approach
Fossil fuels have played an important role towards progress in technological advancement,
over the past centuries. Fossil fuels like coal, oil and natural gas are majorly employed in providing
electricity and fuel for transportation. However, utilizing these resources in massive amounts have
severely impacted global climate, unhealthy air and water quality. Combustion of fossil fuels
produce greenhouse gases that trap heat in the atmosphere and contribute to continuously
increasing global temperature. Also, refining crude oil generates excess waste and emits
greenhouse gases that further contribute to air and water pollution. Increasing demands in world
consumption of non-renewable fossil fuels has led to the search of alternate sources of energy.
Outlook towards global energy crisis has compelled industry leaders like Exxon Mobil, Chevron
and many others to make an economic shift towards next generation clean energy technologies.
In this current era of energy and environmental concerns, it is thus imperative to spend
efforts on any sustainable renewable energy generation systems. One such advanced energy
technology that has exhibited great potential is based on employing hydrogen as fuel. Currently,
large scale industrial hydrogen production is by the process of steam reforming of natural gas,
which is both non-renewable and emits greenhouse gases. Over the years, scientific community
has made significant progress in developing alternate ways of hydrogen production.
Electrochemical generation of hydrogen is a promising approach for eco-friendly and zeroemitting technologies. Hydrogen based energy infrastructures are the future for renewable energy,
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due to its highest mass energy density and clean combustion in air. Renewable energy generation
coupled with improved efficiency will have a significant impact on the current energy and
environmental scenario. Various other advanced electrochemical energy technologies that have
been developed include metal air and metal ion batteries,1,

2

solid oxide fuel cells,3-6

supercapacitors, PEM fuel cells,7-9 and water electrolyzers.10-13 Sustainability of these
technologies, using an electrochemical approach, depends majorly on two important factors (a) efficiency and kinetics of fundamental reactions that contribute to overall performance:
There are four primary electrochemical reactions occurring in these energy systems: cathodic Hydrogen Evolution Reaction (HER) & Oxygen Reduction Reaction (ORR) and anodic Hydrogen Oxidation Reaction (HOR) & Oxygen Evolution Reaction (OER). ORR and OER,
together known as oxygen electrocatalysis, has become the major focus of research, as they
demand the most energy and pose poor reaction kinetics.14, 15 Significant progress in this field
marks a major step towards clean energy conversion, storage and delivery.
(b) electrode materials for large-scale implementation: Productivity can be hampered due
to cost and abundance of effective catalysts and its stability in corrosive environment. This chapter
summarizes basics of oxygen electrocatalysis and various catalysts that have demonstrated great
potential in terms of performance.
1.2 General Principles
Description of common electrochemical terms used:
Current Density (in mA/cm2): Amount of charge that flows through the cross-sectional area
of the working electrode per unit time. In this work, activity for ORR/OER, in terms of current
density, is normalized to geometric surface area of the electrode.
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Overpotential (): Additional energy required to initiate an electrochemical reaction
beyond its thermodynamic potential.
For example, in case of OER, it can be represented using the following equation:
 = E - EOER -iR
where, E is the thermodynamic potential of OER (1.23 V), EOER is the experimentally obtained
potential, iR is the extra potential arising due to solution resistance.
Electrochemically active Surface Area (ECSA): The actual number of active sites that is
responsible or available for electrochemical reaction. It could be different from surface area
obtained using N2 physisorption.
Tafel Slope: Kinetic analysis used to determine the rate limiting step of a multi-step
electrochemical reaction. It is derived from the slope of a linear plot between  and log(i). Efficient
catalysts have smaller values of Tafel slopes.
The performance of an electrocatalyst for a half cell reaction is measured using three main
techniques – (a) Linear Sweep Voltammetry (LSV) – Potential is swept linearly across a range and
resulting current is measured as a response with time, (b) Cyclic Voltammetry (CV) – Current
response measured from potential sweep according to a triangular waveform, (c) Electrochemical
Impedance Spectroscopy (EIS) – Current response measured by applying AC potential over a
range of frequencies. Results are represented in the form of a Nyquist plot. An ideal catalyst has
the lowest overpotential and charge transfer resistance with highest current density and ECSA
1.3 Alkaline Oxygen Electrocatalysis
Oxygen electrocatalysis (ORR and OER) is one of the most important challenges in
electrochemical conversion of energy. The former cathodic ORR, occurs in two main pathways:
single step 4e- transfer process converting O2 to H2O (equation 1) or multi step 2e- transfer with
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H2O2 as an intermediate and finally to H2O (equation 2 a and b).16 In some cases, 1e- reduction
pathway also occurs, leading to O2- ion.17 Alkaline medium ORR mechanism with thermodynamic
electrode potential can be written as:
𝑂2 + 𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 − (0.401 V) – equation 1
𝑂2 + 𝐻2 𝑂 + 2𝑒 − → 𝐻𝑂2− + 𝑂𝐻 − (-0.065V) – equation 2a
𝐻𝑂2− + 𝐻2 𝑂 + 2𝑒 − → 3𝑂𝐻 − (0.867 V) – equation 2b
All thermodynamic potentials are referenced to reversible hydrogen electrodes (RHE). Both
mechanisms begin with a first step corresponding to the coordination of oxygen at active site. A
primary concern during ORR testing is the mass transfer rates of O2 reactants to the surface of the
working electrode. In order to mitigate this error during electrochemical analysis, electrodes are
rotated at a particular speed to enhance the diffusion rates of O2. Calculations of kinetic current
density is then obtained by subtracting the diffusion limited current using the Koutecky-Levich
equation18:
1
1
1
1
=
+ =
+
𝑖
𝑖𝑘 𝑖𝑙
𝑖𝑘

1
2 −1 1
0.62𝑛𝐹𝐴𝐶0 𝐷03 𝑣 6 𝜔 2

where, ik is the kinetic current, il is the diffusion limited Levich current, n is the number of electrons
transferred, F is Faradays constant, A is the geometric area, C0 is the concentration of dissolved
oxygen, D0 is the diffusion coefficient of oxygen, v is the electrolyte viscosity and  is the rotation
speed of the electrode. Using this technique, the number of electrons transferred can be obtained,
unravelling mechanistic insights of the electrochemical process.
The anodic OER is a half-cell reaction that occurs during electrochemical water splitting
in water electrolyzers. Mechanism for generation of O2 from H2O in alkaline medium (with
thermodynamic reaction potential) can be written as shown in the next page.
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Overall: 4𝑂𝐻 − → 𝑂2 + 𝐻2 𝑂 + 4𝑒 − (1.23 V) – equation 3
𝑀 + 4𝑂𝐻 − → 𝑀𝑂𝐻 + 3𝑂𝐻 − + 𝑒 − – equation 4
𝑀𝑂𝐻 + 3𝑂𝐻 − → 𝑀𝑂 + 𝐻2 𝑂 + 2𝑂𝐻 − + 𝑒 − – equation 5
𝑀𝑂 + 2𝑂𝐻 − → 𝑀𝑂𝑂𝐻 + 𝑂𝐻 − + 𝑒 − (or) 2𝑀𝑂 → 2𝑀 + 𝑂2 – equation 6
𝑀𝑂𝑂𝐻 + 𝑂𝐻 − → 𝑀 + 𝑂2 + 𝐻2 𝑂+ 𝑒 − – equation 7
OER is the reverse of 4e- transfer ORR reaction. The mechanism proceeds via three intermediates
OH*, O* and OOH*. Initially, chemisorption of OH- occurs at the active site (equation 4), followed
by oxidation and deprotonation to form O* (equation 5). Next step is the formation of OOH* by
coordination with another OH- (equation 6). Finally, deprotonation and reductive elimination
occurs at the active site, releasing O2 (equation 7). Each of these elementary steps (equation 1-7)
have kinetic barriers that raise the overall energy required, limiting performance of the
electrochemical system. Both ORR and OER have innately sluggish kinetics and lack best catalysts
and its stability in varied electrolytes.19, 20 To gain substantial performance, in terms of current
density, very high overpotential must be applied. Most of the research till date has focused on
developing various catalytic systems to address these issues.
1.3.1 State of the Art Electrode Materials
Current state of the art electrode materials, for efficient oxygen electrocatalysis, consists
of expensive noble metals like Pt, Ir and Ru. Pt based electrocatalysts thrust ORR to follow the
ideal 4e- pathway making it the best ORR electrocatalyst, both in terms of mass activity and
specific activity.21 Ir shows better OER activity and stability compared to Ru and Pt catalyst.22
This is due to the formation of an oxide layer with poor electrical conductivity at the surface of Pt
in high OER potential conditions. Extreme potential conditions in fuel cells require chemical
stability of catalysts in the electrolyte over repeated cycling. Activities to improve the
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electrocatalytic performance of noble metal based catalysts have been on several fronts development of various nanostructures with tunable sizes and chemical compositions, controlled
shapes with selectively displayed crystallographic surfaces, tailored surface strains, surface
doping, geometry and interface engineering.23 Facet control of platinum based catalysts has shown
good response. High index planes with at least one Miller index greater than one has exhibited
enhanced activity compared to (111) or (100). Alloying platinum with different transition metals
has also contributed towards better activity in comparison to pure phase Pt.24, 25 This effect was
attributed to several factors like increased d-electron vacancy of the outermost platinum layer and
surface crystal structure and surface bond effects.26 Thus ORR activity over Pt-skin was higher
than Pt3M (M = Ni, Co) alloys.27 Presence of specific transition elements like iron can allow H2O2
intermediate formation via 2e- process with subsequent generation of water. Along with changing
composition, morphology tuning also helped the Pt/Ni systems to outperform sole Pt catalysts. For
Ru based systems, RuO2 showed better performance than Ru (metallic Ru struggles with
corrosion). However, Ru nanoparticles have better active site properties and further, RuO2
supported on graphene demonstrated superior catalytic activity than that of Ru over graphene.28-30
In the long term perspective of sustainable energy solutions, use of such costly noble metals is not
desired. These are also not stable in extreme pH conditions, resulting in catalyst dissolution and
degradation during repeated cycling. This has led the exploration of low cost and earth abundant
materials like transition metal chalcogenides,31-33 functional carbon materials,34 metal nitrides35, 36,
phosphides37, 38, and oxides.39, 40 The requirements of a good catalyst can be summarized as:
•

high conductivity and stability

•

optimal interaction with the reactant and intermediate species.
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1.4 Non-Noble Metal Catalysts for Oxygen Electrocatalysis
1.4.1 Metal Oxides for Oxygen Reduction
Metal oxides are a class of semiconductors that have demonstrated commendable activity
towards oxygen electrocatalysis and has garnered a lot of attention in recent times. Non-noble
metal oxides have demonstrated a wide range of applications, like solar cells, light-emitting
devices, high temperature solid oxide fuel cells etc., due to their low-cost, high abundance and
stability. They exhibit high resistance to corrosion and are therefore ideal for use as electrodes in
extreme pH conditions. This group of electrocatalysts can be used either as support for active metal
nanoparticles or co-catalysts or by itself in fuel cell applications.
Tungsten trioxide is an important non-stoichiometric oxide with inherent ability to form
stable vacancy defects (WO3-x), that shows promising potential in electrocatalytic ORR. He et al.
showed enhanced catalytic properties in oxygen deficient WOx for oxidation reactions.41 Oxygen
vacancy defects play a major role in tuning the electronic properties of the material. WO3 consists
of O-W-O chains with each W bound to six oxygen atoms. In its monoclinic unit cell, oxygen
atoms exist in three chemically non-equivalent positions, each parallel to a different lattice vector
– x, y and z. Research has demonstrated changes in the position and electronic structure of adjacent
W atoms, due to the formation of a single vacant site in a particular vector.42 Unlike bulk vacancies,
oxygen vacancies at the surface exhibit a volcano type relation with varying reduction environment
during synthesis.43 The vacant sites are regarded as shallow donors that improve conductivity and
also boost surface adsorption of hydroxides.44 Adsorption can occur at undercoordinated metal
sites or at vacancy sites. Surface OHads also act as cocatalysts during electrochemical conversions
and resist active site poisoning. Lattice oxygen vacancies facilitate the thermodynamically
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hindered peroxide formation and readily promote the final conversion to hydroxides.45 Metal
oxides, acting as supports, provide excellent dispersibility for metal nanoparticles and modify
active sites properties resulting in electrocatalytic enhancements.46,

47

Recent research

demonstrated a promotional effect between Pt nanoparticles and WO3 support at the interface.48
Such strong metal support interaction is found to induce electronic changes of the metal active
sites and also restrict agglomeration of metal nanoparticles during repeated potential cycling.49
Geometrical mismatch between the metal nanoparticles and metal oxides also favor reconstruction
of its material properties towards optimal interaction with oxygen intermediates. Further, metal
interaction with metal oxide support also prefers selective crystallographic facet. Growth of metal
nanoparticles along a particular facet restrains the support to expose preferentially one lattice
plane. Depending on the surface facet interaction with oxygen intermediates, high catalytic activity
and selectivity can be achieved for ORR. Formation of peroxide or hydroxide species at the surface
during electrochemical conversion can be facilitated by the synthesis of catalytically dominant
crystallographic facet.
1.4.2 Transition Metal Polymer Composites for Oxygen Evolution
Conducting polymers (CP) possess remarkable catalytic activity owing to their tunable
bandgap, electrical conductivity along its conjugated structures and electroactive properties.50
Commonly used CP electrode materials include polypyrrole (PPy), polyaniline (PANi), poly(3,4ethylenedioxythiophene) (PEDOT) and polythiophene (PTh). π electrons move freely in the
conjugated backbone forming an electrical path for charge carriers. These highly conductive
matrix is often used as support materials for metal catalysts. Synthesis of CP containing composites
can be done either via an ex situ technique - where the previously synthesized CP reacts with metal
components or in situ technique – where monomers and metal precursors are chemically treated
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together. During synthesis, each of these CPs have at least one electronegative heteroatom that is
available to anchor or interact with metal atoms and create active centers with altered electron
cloud density.51 Various reports demonstrated catalytic activity of transition metal-conducting
polymer composites to outperform its individual components, especially in electrochemical energy
storage and conversion.52-56 In a work done by Ding et al., MoS2/PANI nanocomposites exhibiting
excellent HER activity were attributed to the conjugated structure of PANI for providing efficient
electron transport channel.57 In these composites, experimental evidence has shown interaction of
metal with heteroatoms (X) in CPs, where X = N/O/S, to generate a synergic M-X bond.53 This
synergic interaction is shown to significantly improve the charge transfer properties and catalyze
OER and HER effectively.58 M-N based composites are a special class of electrocatalysts that have
recently garnered a lot of attention. Work done by Wang et al., highlighted the effect of M-N
bonds in CoNC/NiO and FeNC/NiO using density functional theory (DFT) towards OER.59
Composites with synergic M-N bonds displayed remarkably lower activation energy barrier
compared to NC/NiO. Incorporation of electronegative N atom stabilizes higher oxidation states
of metal atoms, that are reported to be very active towards oxygen electrocatalysis. Electrophilic
C atoms, near electron-withdrawing N atoms, can also act as additional sites towards hydroxyl
adsorption and promote recombination of adjacent Oads and release O2 as final product.60
Advancing this approach, multi metallic sites have been designed, by immobilization of three
metals (Fe, Co and Ni) on PPy/reduced graphene oxide, to benefit from the unique catalytic
properties of each metal towards OER performance.61 This dissertation also introduces another
class of polymer composites using PEDOT as a conductive support for improving the intrinsic
properties of the transition metal catalysts. Bimetallic catalysts are demonstrated to generate
vacancy defects which reduces the activation barrier for OER.
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1.4.3 Transition Metal Chalcogenides for Oxygen Evolution
Transition metal chalcogenides are another well studied class of electrocatalysts that have
outperformed Pt group metals. Although sulfides are the most reported structures for application
in oxygen electrocatalysis, selenides and tellurides have recently gained attention as electrode
materials. A range of combinations with different TM (especially Ni, Co, Mo, and W) and
chalcogens (S, Se, and Te) have been successfully employed as electrocatalysts for HER and
OER.62-69 Of these, cobalt chalcogenides are receiving increasing attention in alkaline water
electrolysis due to its excellent catalytic activity and tunable chemical compositions, for example
- CoS, CoS2, Co9S8, Co3S4.31, 70, 71 Each composition belongs to a unique crystal structure and
therefore, presents diversity in metal coordination number and oxidation states.72
Literature has demonstrated high conductivity in cobalt rich compositions, while Se/S rich
compositions offer structural stability during electrochemical oxidation process.73 Recently,
existence of multiple cobalt selenide phases were shown to influence the charge states of cobalt
site.74 A higher Co3+/Co2+ ratio was demonstrated to aid chemisorption of hydroxyl ions,
promoting OER kinetics. In addition, interaction of cobalt with hydroxyl ions can be greatly
affected by repulsion from coordinated ligand (S or Se).75
Further, the coordinated ligands at the surface are eventually transformed to oxides or
hydroxides electrochemically during OER.76 Therefore, the active sites in these catalysts consist
of a chalcogenide core and oxide/hydroxide shell. Due to difference in properties between S and
Se, like electronegativity, anion size and susceptibility to leaching during electrochemical analysis,
a thorough understanding that unravels crystal structure and anion dependent changes in material
properties is important.
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1.5 Conclusions
Employing non-noble metal catalysts for oxygen electrocatalysis has shown a promising
development towards sustainable electrochemical technologies. Significant enhancements in this
field lies in designing stable transition metals catalysts that decrease overall energy required for
conversion. A key to improve the reaction kinetics of these processes lie in tuning surface
electronic properties of the active metal sites. It is therefore essential to direct efforts towards
unravelling material properties and provide insights on synthesis approaches to enhance
electrocatalytic activity and stability.
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CHAPTER 2: ENGINEERING SURFACE AND MORPHOLOGY OF La/WO3 FOR
ELECTROCHEMICAL OXYGEN REDUCTION
Note to Reader: This chapter has been previously published in CrystEngComm, 2020, 22,
2397 and reproduced with permission from the Royal Society of Chemistry.
2.1 Abstract
Altering the surface electronic properties of non-precious electrocatalysts via metal
incorporation is an effective approach towards enhancing the oxygen reduction performance. Here,
we explored the effect of introducing a rare-earth metal (La up to 20 mole %) in WO3 using a novel
crystal engineering strategy. Incorporation of La resulted in coalescence of randomly oriented
nanoparticles directed towards one-dimensional growth into nanorods, exposing a preferential
high catalytic active facet (002) of WO3. Simultaneously, introduction of La induced the formation
of oxygen vacancies at the surface, which coincided with increased hydroxyl adsorption.
Benefitting from a combined effect of highly active facet and increased density of surface
vacancies, 10% La exhibited two times higher current than pure WO3. An improvement of 90 mV
in onset potential highlights the prospects of La addition on electrochemical activity of metal
oxides.
2.2 Introduction
Advanced electrochemical energy systems such as fuel cells and air batteries have high
potential in clean energy conversion.1-3 Development of its large-scale industrial application is
primarily limited due to high overpotentials involved with oxygen electrocatalysis. The concerning
electrochemical reaction occurring at the cathode (oxygen reduction reaction – ORR) has sluggish
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reaction kinetics and requires the use of expensive catalysts like noble metals (Pt) to produce
substantial amount of currents.4, 5 Therefore, developing a durable high performance electrode
using alternate cost effective materials can expand commercialization of these energy systems.6
Towards this effort, low cost and high abundant transition metal based electrocatalysts such as
metal oxides, phosphides, and chalcogenides have demonstrated great potential as candidates for
commercial electrode materials. 7-13
Metal oxides, especially, tungsten trioxide (WO3) exhibit unique bulk and surface
properties arising from its point defects. WO3 is an indirect band gap semiconductor with a
distorted low symmetry structure derived from cubic ReO3. Its lattice consists of WO6 octahedra
formed by sharing oxygen atom at each corner and tungsten atom at the center.14 The ability of
tungsten to display various stable oxidation states is pertinent to stable electrocatalysts in a redox
environment, hence demonstrating high stability as electrode materials.15 Unlike other metal
oxides identified for ORR, study of WO3 is limited as a support for noble metals due to its low
surface area and electrical conductivity.16-20 Current reports suggest superior electrocatalytic ORR
activity of Pt/WO3 due to uniform dispersion of smaller Pt-NPs (nanoparticles) and promotional
effect between deposited Pt-NPs and WO3 support.21 This promotional effect arises due to strong
interactions which help stabilize active Pt sites in a highly redox environment.
Metal oxide supports act as a reservoir of oxygen species and help lower the overall
reaction energy.22 Another efficient method to enhance the electrocatalytic activity of WO3
demonstrated by Cui et al. showed 1.6 times larger current than Pd/C by alloying Pd and W
(Pd0.8W0.2/C) and benefitted from employing bimetallic catalysts in tuning the active site electronic
structure resulting in altered strength of chemisorbed oxygenated species and influence the overall
catalytic performance.23 Although incorporating noble metals in WO3 based electrocatalysts is an
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effective approach, improving the ORR activity of WO3 using alternate cheaper routes is of great
significance. To improve the electrochemical performance of WO3 based catalysts, much effort
has been done in devising novel nanostructures with high surface area. Recent study on La doped
WO3 demonstrated increased performance in photocatalytic conversion of CH4 with 100%
selectivity.24 Though the effect of rare earth doping was highlighted in the article, there is a lack
of detailed manipulation of accompanied morphological changes due to metal incorporation. Liu
et al. reported that incorporation of a rare earth metal Ce3+ in MnO2 resulted in the agglomeration
of particles to form sheets with almost 3 times higher surface area.25 They correlated the advantages
of metal doping to formation of oxygen vacancies (Ovac), at the crystal boundaries of the two
oxides, resulting in higher catalytic performance. The extent of Ovac, achieved via interfacial strain
and varying deposition conditions,26 can tune the overall rate of electron transfer and reductive
catalytic properties of WO3-x.27-29 However, the anisotropic trend of these properties along the most
stable crystal facets of WO3, i.e. (002), (020) and (200), highlight the importance of
crystallographic preferential orientation.30,

31

Changes in intrinsic electronic and band gap

properties associated with each of these planes were employed as a tool to understand its
photoelectrochemical properties.31 Therefore, engineering the surface of WO3 towards formation
of Ovac, favoring preferential growth of catalytically active facet can tactically improve catalytic
activity. This work presents a novel strategy by incorporating a rare earth metal (La) into the WO3
matrix using a template assisted sol gel technique. Insights on the growth mechanism of WO3 NPs
to preferentially exposing (002) in La/WO3 NRs has been discussed. Incorporation of basic sites
via lanthanum addition impacts the surface hydroxyl (OHads) coverage directly associating the
amount of Ovac defects formed. A simultaneous effect resulting from preferential orientation of
highly active (002) facet and Ovac sites offers promising enhancements in ORR.
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2.3 Experimental Methodology
2.3.1 Synthesis
In a typical synthesis as reported by Yang et al., 10 g of Pluronic (P-123) and 100 g
anhydrous ethanol were mixed and stirred until P-123 was completely dissolved. 32 WCl6
(0.396 g) was added to the solution and stirred for 30 min. The solution turned yellow
immediately and was left open in a beaker for aging at 40 °C for 7 days. The solution changed
into a dark blue gel, W-P precursor. The W-P precursor was then calcined at 550 ℃ in the air
for 4 hr. A minimum of 550 ℃ was required to obtain crystalline phase of monoclinic WO 3.
La doped WO3 samples were synthesized using the above described method. Different mole
fractions of La(NO3)3.6H2O was added along with WCl 6 to obtain 5% La/WO3, 10% La/WO3,
20% La/WO3.
2.3.2 Materials Characterization
The phase and structure of WO 3 samples (La = 0, 5, 10, 20%) were characterized by Xray diffraction (Bruker/D8 Advance) using Cu anode target (λ=1.5418 Å). Pawley fit was
performed to determine full width at half maxima (FWHM) and intensities of diffraction lines.
The fit was done using the crystal structures of monoclinic WO3 along with an additional
heteropoly acid phase of tungsten. Morphology was initially analyzed by SEM-EDS using
Hitachi S-800 Electron Microscope at an accelerating voltage of 25 kV and working distance
of 15mm. For EDS-color mapping, an accelerating voltage of 17 kV was applied. TEM studies
of all catalysts were performed in a Tecnai F20 transmission electron microscope with
accelerating voltage 200 kV and a point resolution of 0.24 nm. Specific surface areas w ere
calculated from N2 physisorption Brunauer-Emmet-Teller (BET) equation with an automated
gas sorption analyzer (Quantachrome instruments), based on the data obtained within pressure
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range P/P0 from 0.05 to 0.3. Surface analysis was done on catalysts using ULVAC- PHI XPS.
The pass energy used for the individual peaks is 23.5 eV. The binding energy scale for the
instrument was calibrated using the Au 4f7 peak at 84.0 eV. When data is taken from samples,
C 1s peak is used as reference and is shifted to 284.8 eV with all the other data in the set shifted
accordingly. The powder samples are placed on adhesive tape which insulates the powder
from the grounded puck surface. This allows the powder to float to a uniform potential
across its surface and an electron flood gun in conjunction with a low energy Ar ion beam
to bring the surfaces to a uniform potential to eliminate differential charging. The data is
calibrated during data processing by shifting the C 1s peak to 284.8 as mentioned above.
2.3.3 Electrochemical Studies
The electrocatalytic ORR activity of all samples was tested using a rotating disk
electrode (RDE) on Gamry Electrochemical workstation. A three-electrode setup consisting of
glassy carbon as the working electrode, Pt wire as the counter electrode and a saturated calomel
electrode as the reference electrode were employed. The electrode inks were prepared by
dispersing 1.5 mg sample and 0.5 mg Vulcan in 500 μL isopropanol and 500 μL distilled water.
Nafion (1 wt%; 10 μL) was added in the ink before sonicating for 30 min. Then, 20 μL was
drop casted onto the RDE and dried in air. Prior to drop cast, electrodes were polished
thoroughly using 0.05 μm alumina. The amount of catalyst on the RDE surface was kept
constant for all samples at 0.04 mg. Industrial applications employing ORR requires either
0.1M KOH or very high 6M KOH (metal air batteries). We chose 1M KOH as a mid-ground,
since common reference electrodes are not “leak-free” in 6M KOH.33 1M KOH electrolyte
solution was purged with ultra-pure N2 for 20 mins before starting the experiments. Cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) measurements were done at 50 mV/s
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and 5 mV/s respectively. Oxygen was bubbled throughout the experiment span. For analysis
purpose, the potential range was converted to RHE using the equation, E RHE = ESCE +
0.0591*pH. To calculate the number of electrons transferred, Koutecky-Levich plot was
obtained by running LSV at different rotation rates. Rotating ring disk electrode (RRDE)
technique was employed to determine the amount of H 2O2 produced in the same electrolyte
solution. All experiments were performed in O2 saturated 1 M KOH at 1600 rpm. RRDE
current displayed are taken after 20 cycles of CV to stabilize the value of current. % H 2O2 was
calculated using the formula, %𝐻2 𝑂2 =

200 𝐼𝑟 /𝑁
𝐼
𝐼𝑑 + 𝑟

with a collection efficiency of 0.26.

𝑁

2.4 Results and discussion
2.4.1 Crystal Structure and Phase Transformation
P-123 consisting of alternating hydrophobic (PPO) and hydrophilic (PEO) moieties was
used as a template to synthesize WO 3 catalysts.34 During aging process, hydrophilic PEO
moiety forms a crown ether type complex with W 6+ and La3+, resulting in a gel formation .35
After calcination of the gel at 550 oC, La/WO3 (0, 5, 10 and 20%) catalysts exhibit sharp
diffraction lines. A change in major diffraction line is observed for all catalysts from that of its
reported monoclinic structure. Its corresponding d spacing is also verified from lattice fringes seen
in HRTEM analysis as described later. WO3 catalysts prepared in this technique is observed to
exists in two monoclinic crystal phases -  and . Pure WO3 exhibits diffraction lines related to
−WO3, observed due to incomplete phase transition to thermodynamically favored −WO3. Work
done by Wang et al. attributed this inhibition of thermodynamically favored phase transition to the
diffusion of C from P123 into the interstitial sites, subsequently stabilizing −WO3.36 Incorporation
of La into the WO3 matrix dictates phase transformation thermodynamically resulting in the stable
 phase as shown in Figure 2.1 a.37,

38

The diffraction lines around 22-25o, corresponding to
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Figure 2.1. (a) PXRD of WO3, 5% La/WO3, 10% La/WO3, 20% La/WO3, trend in (b) FWHM,
(c) relative intensities and (d) peak position of (002), (020) and (200) as a function of increasing
La percentage.
 phase, develop explicitly into three individual components - (002), (020) and (200). Variation in
full widths at half maximum (FWHM), intensity and peak position with La addition associate
crystal structure evolution of WO3. An initial sharp decrease in FWHM for all three lines is
observed (Figure 2.1 b), which saturates with further La addition. This narrowing of diffraction
lines can indicate improved crystallinity with increase in La. Figure 2.1 c shows consistent
predominance in the relative intensity of (002) compared to (020) and (200) with varying La %,
indicating that the crystal growth is favored along (002).31 Trend in 2 positions did not change
much as a function of La addition (Figure 2.1 d). Due to larger ionic radii of La 3+ (1.18 Å)
compared to W6+ (0.6 Å), La3+ is very likely to occupy the interstitial sites on the surface of
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Figure 2.2. SEM images and elemental mapping of (a-d) WO3, (e-h) 10% La/WO3, (i) N2
adsorption-desorption isotherms of La/WO3 (0, 5, 10, 20%), (j) Pore size distribution and (k)
measured diameter of 100 particles.
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Figure 2.3. TEM image of La/WO3 - 0%: a,b; 5%:c,d; 10%: e,f and 20%: g,h.

25

WO3, forming La-O-W bond.24 At higher amounts, new diffraction lines appear at 25o (100) and
28o (101), marking the formation of La2O3 phase.39 Although, small La2O3 peaks appear in the
XRD pattern of 10% La, it is worth mentioning that majority of La still occupies the interstitial
sites. However, the intensity of these peaks remarkably increases in 20% catalyst, indicating a
complete phase separation. Arriving at the maximum possible La addition, prior to complete phase
separation, can provide crucial insights in understanding the role of La in altering surface

Figure 2.4. (a) Growth mechanism of WO3 NPs into NRs, (b-e) EDS Line scan on La doped
WO3 NPs showing O (K), W (M) and La (L) profiles, (f-i) EDX Line scan on La doped WO3
NRs showing O (K), W (M) and La (L) profiles.
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properties of WO3. Figure 2.2 a, b, e shows SEM images of pure and 10% La catalyst displaying
porous asymmetrical particles of the order of several tens of microns. Difference in the size among
these is observed by comparing the scales in Figure 2.2 a and e. Both micrographs indicate
aggregation of smaller particles to form larger particles. Uniform elemental distribution is shown
in the mapping image (2.2 c-d, f-h) for WO3 and 10% La/WO3. Detailed particle size and surface
area analysis was done by N2 adsorption studies at 77 K. Specific surface area for all catalysts
were determined from reversible isotherms as shown in Figure 2.2 i. Surface area calculated by
BET method showed a 172% increase over pure WO3 (11.3 m2/g) for 5% La (31.0 m2/g). This is
due to reduction in particle size arising from blocked grain boundaries of WO3 by La occupied
interstitial sites. With higher amounts of La, a slight decrease in surface area occurs for 10% (24.6
m2/g) and 20% (23.4 m2/g). The surface area trend is also in consistent with the pore size
distribution (Figure 2.2 j). Number of pores increase with 5% La, owing to the reduction in the
particle size. However, with more La incorporated into WO3, pore volume decreases for 10 and
20%.
2.4.2 Growth Mechanism using Electron Microscopy
To further our understanding of the morphology of La/WO3 catalysts and its trends in
surface area and particle size reduction, TEM was utilized. Pure WO3 displays a highly porous
aggregation of particles with no definite shape (Figure 2.3 a,b). With 5% addition of La, small
spheres with a size of ~13 nm are formed as shown in Figure 2.3 c. Average size of these
nanoparticles (NPs) was obtained from a bar graph distribution of 100 NPs (Figure 2.2 k),
exhibiting sizes in the range of 10-14 nm. This reduction in particle size validates the increase in
surface area obtained from BET method. A higher magnification shows coalescence (Figure 2.3
d) of adjacent spherical NPs to form the seeds of elongated nanorods (NRs). With further La
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increase to 10 (Figure 2.3 e, f) and 20% (Figure 2.3 g, h), fully formed NRs of varying size appear,
along with few NPs. The width of these NRs is about 13-16 nm, indicating one dimensional growth
of NPs. The ratio of rods to NPs increases with La addition, highlighting its role in the
morphological changes of these catalysts. We further revealed the growth mechanism of NPs to
NRs of La/WO3 catalysts, with increasing La amounts, using HRTEM analysis. In general, it is
known that doping technique results in decrease in particle size along with higher surface area.
Introducing La creates grain boundaries during synthesis, restraining the growth of WO3 particles
resulting in NPs. At this stage, high magnification TEM images of 5% La/WO3 shows coalescence
of adjacent NPs to form dumbbell shaped structures (Figure 2.4 a). Lattice fringes of three different
planes - (002), (020) and (021) are observed, indicating self-assembly of randomly orientated NPs.
Subsequently, the next growth stage is kinetically controlled by adsorption of precursors on
different planes. In the case of La addition into WO3, it is important to note the presence of NO3ions from La precursors which favors strong adsorption on (002) plane of WO3, inhibiting the
growth in that direction resulting in predominantly exposing (002) facet.30 Apart from nitrate ions,
introducing metal dopants is also seen to influence the growth kinetics of NPs by favoring growth
along a particular direction. Recent work on the effects of cobalt doping on the growth of ZnO
nanorods demonstrated a delay in the growth of NPs in all directions and favoring sideways growth
along c-axis.40, 41 Therefore, with higher presence of La3+ and NO3- ions, self-assembled La/WO3
NPs grow along one direction selectively exposing (002) crystallographic plane. The significance
of synthesizing preferentially (002) exposed WO3 due to its high surface energy (1.56 Jm-2) was
highlighted by Zhang and his coworkers demonstrating favorable adsorption of active oxygen
species resulting in excellent photoelectrochemical water splitting performance.42 The preferential
orientation in WO3 monoclinic structure arises due to smaller lattice parameters of (002) plane,
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Figure 2.5. XPS profiles of (a) W 4f, (b) O 1s, (c) La 3d and (d) OH-/O2- calculated for different
catalysts from area of the peak component.
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thereby, forming a closely packed plane. Due to this high density of atom arrangement (00a) family
planes have shown to exhibit higher catalytic activity.43, 44 Therefore, by altering La amounts,
morphology selective exposure of a single facet in La/WO3 catalysts was successfully achieved.
STEM-EDS analysis shows the distribution of La in both WO3 NPs (Figure 2.4 (b-e)) and NRs
(Figure 2.4 (f-i)) confirming that La is well embedded onto WO3 matrix.
2.4.3 Surface Oxygen Vacancy and OH - Adsorption
To further understand the changes in surface properties, all catalysts were analyzed using
XPS technique. Typical W 4f peaks corresponding to W6+ in WO3 were observed in the region 3240 eV (Figure 2.5 a). Two characteristic peaks corresponding to the spin orbit coupling of W 4f,
i.e. 4f5/2 and 4f7/2, showed a continuous shift towards lower binding energy (from 36.2 eV to 34.5
eV) with increase in La. This can be attributed to the presence of less electronegative La3+ (EN 1.1), compared to W6+ (EN – 2.3). La incorporation into the WO3 matrix particularly occurs only
at the interstitial sites on the surface due to its larger size. At the interface of La/WO3, instead of
W-O-W, W-O-La can be expected resulting in decrease in bonding energy of W-O. A similar trend
was demonstrated by Zhang using Fe-doped WO3 displaying negative shifts in W spectra.45 O 1s
spectra had the most significant changes with increasing rare earth interaction. Deconvolution of
O 1s spectra revealed two peaks for pure WO3 corresponding to lattice O2- and OH- (Figure 2.5 b).
At 5% La, a significant increase in OHads arises due to favorable La-OH formation in
undercoordinated La sites at the surface of WO3. For increased La amounts, a new peak appears
at lower binding energy (529.64 eV) indicating the formation of La-O.46 The lattice O2- peak of
La2O3 appears at much lower binding energy due to low electronegativity of La3+. This peak
intensifies and shifts negatively to 529.1 eV at 20% La, confirming the complete phase separation
of La2O3 as seen in PXRD. XPS analysis of La 3d was performed with reference to the work done
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by Sunding et al.47 Deconvolution was done by imposing several constrains to the peak fitting
parameters. Inspection of La 3d shows spin orbit components - 3d3/2 and 3d5/2 around 832-841 eV
(Figure 2.5 c). The difference in energy (ΔE) between these peaks indicates if La is present as
La(OH)3 (3.9 eV) or La2O3 (4.6 eV). For 5% La, ΔE has a value of 3.9 eV implying that La at the
surface exists as La(OH)3 .48 An increase in ΔE to 4.1 (10%) and 4.3 eV (20%) suggests the
possible presence of La as both La(OH)3 and La2O3. One interesting feature observed with La
increments was in the trend of surface OH-/lattice O2- (Figure 2.5 d). Amount of surface hydroxyl
adsorption in metal oxides can be directly related to surface oxygen vacancies formed. With the
introduction of lower valent La3+ into WO3 matrix, charge neutrality is balanced by the formation
of anion vacancy defect sites at the surface. Tuning the extent of La incorporation alters the amount
of surface Ovac sites that can accommodate water molecules, thus altering the intensity of OH-/O2ratio.24 An increase in the amount of OHads observed at 5 and 10% La indicates higher Ovac sites at
the surface. Recent work by two groups Liu et al. and Jia et al. found a similar effect in Ce/MnO2
and -MnO2 respectively, where increase in adsorbed species were observed in oxides with high
density of oxygen vacancies.25, 49, 50 However, due to secondary La2O3 phase at 20% La, the
percentage of lattice oxygen rises. This results in decreased surface oxygen adsorbed species
suggesting lower amount of oxygen vacancies. Thus, along with one dimensional growth of WO3
NPs with (002) facet, we modified surface properties of WO3 with hydroxyl coverage and
vacancies.
2.4.4 Electrochemical Oxygen Reduction Studies
Insights from various characterization techniques employed on La/WO3 catalysts, i.e
particle size and morphology, surface hydroxyl coverage and facets, define the effects of La in
electrochemical ORR performance. To investigate this, CV curve was taken in N2 as well as O2
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saturated electrolyte. ORR in alkaline medium can either occur via a 4e- or a 2e- transfer process
involving adsorption and desorption of various species like O2-, O22, OH-, HO2-. A comparison of
ORR performance for La/WO3 – 0, 5, 10, 20% is shown in Figure 2.6 a. Pure WO3 exhibited a low
onset potential of 0.81 V, followed by 5% La at 0.84 V and 20% La 0.86 V. Best performance was
exhibited by 10% La with an onset of 0.90 V. A similar trend in specific activity (mA/cm2) was
observed for all La/WO3 catalysts with respect to BET surface area, indicating that BET technique
potentially overestimates the electrocatalytic active surface area.51 This remarkable onset potential
can be elucidated using combination effect caused by surface hydroxyl adsorption induced by
vacancy defects leading to unrestricted diffusion of oxygen to the WO3 active sites.
Beginning with 5% catalyst, though the effect of La addition is seen influencing the onset
by a positive 30 mV shift, it is not enough to affect the reaction considerably. This could arise due
to exposure of fewer catalytically active (002) facets constraining the adsorption of reactant
oxygen species, as described earlier. Although 20% La exhibits NRs with (002) facet, low specific
surface area and amounts of oxygen vacancies results in decreased performance. Therefore, due to
optimal active sites and high vacancy defects at the surface for direct adsorption of oxygen reactant
molecules, 10% La shows the best ORR performance. A Koutecky-Levich (KL) analysis was
conducted to evaluate the number of electrons transferred (Figures 2.6 b). 10% La/WO3 exhibited
highest number of electrons transferred - 3.4. Number of electrons trasnferred for other catalysts
were calculated to be 3.0, 3.2 and 3.1 for pure WO3, 5% La/WO3 and 20% La/WO3 respectively.
The trend is in accordance with the amount of oxygen vacancy in a catalyst. Introduction of oxygen
vacancies enables intrinsic mobility of electrons within the catalyst resulting in enhanced rate of
electron transfer. This also corroborates with the lowest Tafel slope of 10% La (47 mV/dec) with
the final 4th electron transfer as the rate determining step(Figure 2.6 d), followed by 5% (62
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mV/decade) and pure WO3 (64 mV/decade).52 20% La/WO3 (74 mV/decade) showed the highest
Tafel slope indicating a larger overpotential required for ORR as expected. Employing RRDE
technique on 10% La/WO3, % H2O2 was determined to be around 20-30% during the reduction

Figure 2.6. (a) Alkaline ORR activity represented in LSV curves of La/WO3 (0, 5, 10, 20%) after
20 cycles in O2 atmosphere, (b) KL plot of 10% La/WO3 showing the total number of electrons
transferred, (c) Comparison of 10% La/WO3 with commercial WO3 and 20% Pt/C, (d) Tafel
slopes of La/WO3 (0, 5, 10, 20%), (e) RRDE current of 10% La/WO3 in O2 saturated atmosphere,
(f) % H2O2 formed during oxygen reduction on 10% La/WO3.
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process (Figure 2.6 e, f). This indicates that the ORR process occurs via a mixed 4 and 2 e- pathway
on these catalysts. However, most of the conversion still proceeds via 4 electron transfer. To
compare the ORR activity of 10% La/WO3, commercial Pt/C and WO3 were tested under the same
experimental conditions (Figure 2.6 c). The activity of 10% La/WO3, showed considerable
improvement when compared to WO3. Though the activity is lower than Pt/C, we have
demonstrated the potential of WO3 for the first time as a non-noble metal catalyst with potential
in electrochemical oxygen reduction reactions.
2.5 Conclusions
The effect of surface engineering and vacancy formation by rare earth incorporation into
WO3 was achieved. The resultant catalysts exhibited >100% increase in active surface area and
reduction in particle size to ~ 13 nm. Employing a simple sol-gel technique, preferential orientation
of (002) facet on La/WO3 catalysts is presented with a growth mechanism involving coalescence
of NPs to form NRs. 10% showed highest activity with an onset of 0.90 V (vs RHE) and a low
Tafel slope of 47 mV/decade. This enhancement in catalytic activity is attributed to exposure of
highly active (002) plane as seen in TEM images and surface hydroxyl coverage signaling the high

Figure 2.7. Graphical summary of the chapter

34

amounts of oxygen vacancies derived from XPS results. This work highlights the promising effects
of tuning surface and morphology via rare earth (La) addition towards enhancing the ORR
performance of metal oxides.
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CHAPTER 3: HYBRID Co@Ni12P5/PPY MICROSPHERES WITH DUAL SYNERGIES
FOR HIGH PERFORMANCE OXYGEN EVOLUTION
Note to Reader: This chapter has been reprinted with permission from Journal of
catalysis, 391 (2020) 357-365. Copyright © 2020, Elsevier.
3.1 Abstract
Electrochemical water splitting could be an efficient alternative route for clean and
renewable energy storage. However, widespread application of this technique is hindered by the
high overpotential required for the sluggish anodic oxygen evolution reaction (OER). In this
contribution, we report that novel N based conducting polymers exhibit excellent charge transfer
properties with earth abundant transition metals. A strong interaction between Ni and N from
polypyrrole (PPy) was identified via XPS, resulting in higher amounts of Ni++ sites at the
interface. Electronegative N from PPy shell, covering Ni12P5 microspheres, interacts with Ni on
the inner edge and electrodeposited Co on the outer edge, establishing a dual synergic effect. This
hybrid catalyst, with Co-N and Ni-N active interfaces, demonstrate faster OER kinetics owing to
improved electrophilicity towards hydroxyl ions. With dual M-N sites, Co@Ni12P5/PPy displays
a low Tafel slope of 40 mV/dec and stability up to 7 hours of electrochemical cycling. This work
enables discovery of a new class of anode materials based on metal-PPy analogs for alkaline OER.
3.2 Introduction
Energy production via hydrogen using electrochemical water splitting is an emerging
technology in clean and renewable conversion of energy. The anodic oxygen evolution reaction
(OER) is of the foremost concern for practical feasibility of alkaline water electrolyzers.
39

Oxygen evolution requires a large overpotential due to the formation of high energy
intermediates.3 As a result, development of efficient catalysts is required to improve the reaction
kinetics and performance. Even noble metal-based catalysts (Ru/Ir), that have been benchmarked
as state of the art materials, require overpotential > 0.25 V (10) to achieve a current density of 10
mA/cm2 per geometric surface area.2,
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In addition, these elements are expensive, and not

sufficiently abundant to meet future energy application needs. Recent research has seen
development of robust catalysts such as alloys of Pt group metals, transition metal oxides, nitrides,
chalcogenides, or phosphides. However, many of these catalysts still exhibit low proficiency in
terms of overpotential. Hence, design of new earth abundant catalysts to overcome the high
overpotential has been a primary focus for improvement.
Transition metal (TM) catalysts, especially Mn, Fe, Co and Ni based, have shown
performance at par with the state of the art electrocatalysts, in terms of specific activity normalized
to geometric area.5, 6 TM phosphides (TMPs) have received considerable attention towards OER
owing to their stability in electrolysis potential range. Among all TMPs, nickel phosphide is a
remarkable catalyst with excellent stability and multiple stoichiometries: Ni3P 8, Ni12P5, Ni2P 10,
Ni5P4 12, which are all highly active in water splitting reactions. Recently, Menezes et al. reported
that Ni12P5 shows better activity for OER due to excess stoichiometric Ni, resulting in higher
density of active metal sites.14 Conventional TMPs exhibit lower activity compared to bimetallic
phosphides due to change in energy for chemisorption of intermediates at the active site.16
Recently, Mendoza-Garcia et al. reported a new bimetallic Co(2-x)FexP catalyst that showed
enhanced electrochemical performance compared to Co2P or Fe2P due to alloying effect.18 A
similar result was reported by Li et al. using 3D NiCoP on Ni foam.19 For most of these catalysts,
research has demonstrated the dependence of OER performance on its affinity for OH-
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chemisorption. To enhance this effect, we direct our efforts to tune the electrophilicity of metal
site via surface modification using conducting polymers. Conducting polymers (CP) such as
polypyrrole (PPy), polyaniline (PANI) and polythiophenes (PTh) have received significant
attention due to their excellent properties and potential applications in catalysis.20, 21 Among these,
PPy is one of the most studied CP due to its high conductivity, ease of synthesis, biocompatibility,
chemical stability, as well as its porous structure and high surface area.22, 23 Moreover, PPy has
nitrogen as a heteroatom, which can form M-N bonds with different materials resulting in
enhanced electrocatalytic activity.44 Integrating an electronegative N to the cationic Ni site can
affect the electronic state of Ni resulting in stable higher oxidation states. Cao et al. modified the
surface of MnCo2O4 with PPy by in situ chemical polymerization of excess pyrrole with H2O2 (10
wt.%).2 They found that PPy layer on MnCo2O4 surface provides a conductive network for fast
electron transfer resulting in enhanced electrocatalytic activities for both ORR and OER. Jia et al.
demonstrated enhanced bifunctional oxygen electrocatalysis in ternary CoNiMn-LDH/PPy/RGO
composite. Synergy among its three different constituents, highlight the charge transfer properties
of conjugated PPy in overall electrocatalytic performance of the composites.11
In this work, we present a novel hybrid catalyst comprised of Co decorated Ni12P5/PPy
core-shell microspheres and evaluate their performance in OER. We strategically tailored the
electronic properties of two different metals by functionalizing with a conducting polymer. A MN center acts as an excellent active site for OER due to accelerated charge transfer rate between
the layers. It is expected that this synergic interaction (M-N) modulates the electron density around
the metal atom by inducing charge redistribution resulting in altered binding energies of hydroxide
or intermediate ions at the active site. As a result, a dual synergic effect was obtained, Co-N and
Ni-N, when Co is anchored on the PPy shell covering Ni12P5. Simultaneous integration of excellent
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conducting properties with efficient catalytically active sites (M-N) is demonstrated to be the key
for highly enhanced electrochemical OER activity. Understanding the properties of surface
functionalization in Co@Ni12P5/PPy can pave way for new metal based PPy analogs with immense
potential in oxygen electrocatalysis.
3.3 Experimental Methods:

Figure 3.1 Schematic representation for the synthesis of Co@Ni12P5/PPy
Schematic representation of the three steps used to synthesize hybrid catalyst is shown in
Figure 3.1.
3.3.1 Preparation of Ni12P5 Microspheres
Ni12P5 microspheres were synthesized using a procedure developed by Ni et al.24 In short,
this technique uses excess CoCl2 as a template along with Ni and P precursors in distilled water
(DW). The contents were transferred to a Teflon autoclave and heated at 170 oC for 10 h. The
resulting precipitate was washed several times with DW and ethanol to completely remove Co
ions. Finally, the microspheres were dried at 60 oC overnight.
3.3.2 Preparation of Ni12P5/PPy Composites
Ni12P5/PPy composite was prepared via oxidative chemical polymerization. Typically, 60
mg of Ni12P5 and 30 µL of pyrrole were dispersed in 6 mL DW and sonicated for 30 min to obtain
a good dispersion. In a separate flask, 70.2 mg FeCl3 was dissolved in 6 mL DW. Then, the FeCl3
solution was added to the monomer solution slowly under continuous stirring. The final solution
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was refluxed at room temperature overnight. The product was obtained by centrifugation and then
washed several times with DW. Finally, the obtained Ni12P5/PPy composite was dried at 60 °C for
24 h.
3.3.3 Electrodeposition of Co on Ni12P5/PPy
Deposition of cobalt on Ni12P5@PPy composite was performed in aqueous solution
containing 0.05 M CoCl2 with 0.1 M LiClO4 as supporting electrolyte. The deposition was carried
out through chronoamperometric conditions at a potential of -1.0 V vs. Ag/AgCl for 30 sec on
glassy carbon electrode coated with Ni12P5@PPy. Deposition time was optimized to after several
trials. After deposition of Co, the electrode was rinsed with DW and dried in air. Other control
studies include Co electrodeposition, using the same procedure, on bare, PPy and Ni12P5 coated
glassy carbon electrode.
3.3.4 Characterization of Materials
The phase and structure of Ni12P5 and Ni12P5/PPy were characterized by powder X-ray
diffraction (PXRD) (Bruker/D8 Advance) using Cu anode target (λ=1.5418 Å). Infrared
spectrocopic (IR) analysis was performed using Thermo Scientific Nicolet iS50 spectrophotometer
with a built-in ATR (Attenuated total reflection). By placing powders directly on the diamond
crystal surface, spectra were collected with a resolution of 0.241 cm-1 and 100 scans. Analysis of
morphology and composition was done by scanning electron microscopy - energy dispersive
spectroscopy (SEM-EDS) using Hitachi S-800 electron microscope with an accelerating voltage
of 25 kV at 15 mm working distance. Transmission electron microscope (TEM) Tecnai F20 was
used with a point resolution of 0.24 nm for detailed morphological studies. Surface analysis was
conducted using a Thermo Scientific K-Alpha X-ray photoelectron spectroscopy (XPS) system.
All data obtained are processed by shifting the reference C 1s peak to 284.8 eV.
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3.3.5 Electrochemical Analysis
A Gamry electrochemical workstation was used to study the electrocatalytic OER activity
of all catalysts using a rotating disk electrode (RDE). Pt wire as counter electrode and saturated
calomel electrode (SCE) as reference were employed. After every measurement, SCE was kept in
distilled water and thorougly cleaned before storing in 4M KCl. Electrode inks were prepared by
sonicating 2.0 mg sample in 500 μL isopropanol, 500 μL distilled water and nafion (1 wt%; 10
μL) for 30 min. 10 μL of this ink was drop casted onto the glassy carbon electrode (GCE) and
dried in air. Prior to any electrochemical measurement, working electrode was cleaned thoroughly
with 0.05 μm alumina and 1M KOH electrolyte was purged for 20 min with ultra high pure N2.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were done at 50
and 5 mV/s, respectively. Initial surface activation for all catalysts were done by performing
repeated CV. Final activity is reported as current density, obtained by normalizing current to the
geometric surface area of the electrode. Electrochemical impedance spectroscopy (EIS)
measurements were taken at a potential of 0.65 V vs SCE. Each catalysts were at least tested three
times under same experimental conditions. Reference electrode calibration was performed in H2
purged 1M KOH using Pt wires as working and counter electrodes.25, 26 Using SCE as reference,
LSV was taken at a scan rate of 10 mV/s. The potential at 0 mA is taken as the thermodynamic
potential for hydrogen electrode reactions. All potentials were converted to RHE using the
equation: E (vs RHE) = E (vs SCE) + 1.004 V.
3.4 Results and Discussion
3.4.1 Formation of Ni12P5 Core-Shell Structure
A template based hydrothermal technique, using CoCl2, is employed for the synthesis of
Ni12P5 with controlled morphology.24 SEM images in Figure 3.2 a, d display Ni12P5 microspheres
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of approximately 1m diameter. Complete dissolution of Co2+ precursors in the final product was
confirmed using EDS analysis, as shown in Figure 3.2 g. Absence of Co K at 6.9 eV highlights
the composition of microspheres to consist of only Ni and P. EDS color mapping indicates the
uniform distribution of Ni and P throughout the microspheres, as shown in Figure 3.2 b, c. These
microspheres were modified to form a core shell Ni12P5/PPy composite by chemical
polymerization of pyrrole. The phase and structure of the Ni12P5/PPy composite determined using
PXRD presented a tetragonal space group - I4/m as shown in Figure 3.2 h. The broad lines indicate

Figure 3.2. (a-d) SEM image of Ni12P5 microspheres used for EDS color mapping of Ni(L) and
P(K) and (e-f) SEM images of Ni12P5/PPy highlighting the core shell structure, (g) EDS profiles
of Ni12P5 and Ni12P5/PPy composites confirming the dissolution of Co precursors, (h) Phase
determination by PXRD showing the diffraction pattern of Ni12P5/PPy.
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the presence of small crystallites of size ~9 nm, obtained using Scherrer equation. Diffraction
pattern showed peaks corresponding to the following major lattice planes of Ni12P5: (130), (112),
(321), (400), (330), (240) and (132). There is no crystallinity observed from PPy. Polymerization
of Py around the microspheres was achieved using FeCl3 as an oxidant. Varying the oxidants can
result in different electrical conductivity, specific surface area and porosity.27 Sha et al. showed
that the type of oxidant used in the preparation of PPy-based catalysts affected the catalytic activity
of the resulting catalyst. The catalyst prepared using FeCl3 as an oxidant showed better
electrocatalytic performance compared to using other oxidants including ammonium persulphate
(APS) and hydrogen peroxide (H2O2).28 While employing FeCl3 is essential for effective doping
of the conducting polymer, its strong oxidizing nature can potentially distort the morphology and

Figure 3.3. (a) TEM micrograph depicting the microspheres, (b-c) HRTEM exposing (240)
and (112) lattice planes of Ni12P5, (d-e) TEM images of Ni12P5/PPy demonstrating a core
shell structure and (f) HRTEM of Ni12P5/PPy showing (112) plane.
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structure of the microspheres. Interestingly, the tetragonal phase as well as the spherical
morphology remained intact in the composite confirming its robust nature. A core shell structure
of Ni12P5/PPy, confirmed in Figure 3.2 e, f, shows a continuous envelope of the polymer on the
microspheres. Figure 3.2 g also highlights the absence of Fe impurities in the catalyst after Py
polymerization. Further confirmation of no accidental incorporation of Fe is explained in section
3.4.4. For precise morphological remarks, TEM images of the Ni12P5 microspheres are shown in
Figure 3.3 a-c. HRTEM analysis reveals two exposed crystallographic planes corresponding to
(240) and (112) of I4/m phase. The TEM images of the Ni12P5/PPy core shell structure given in
Figure 3.3 d-f exhibit different stages of polymerization. Initially, an inconsistent thin layer of
polymerization occurs at the surface of the Ni12P5 microspheres. Polymerization occurs selectively
around the microspheres due to electrostatic interaction of Py monomer at the Ni12P5 surface prior
to oxidation. The polymer chain spreads along the microsphere completely covering the surface.
Through the process of aging, polypyrrole forms a uniform shell around Ni12P5. Inspite of this
thick shell, HRTEM exposes (112) lattice plane of Ni12P5 emphasizing the amorphous nature of
the polymer.
3.4.2 Electronic Changes at Ni12P5/PPy Interface
Insights into understanding the role of the PPy shell can be obtained from change in
chemical states of each element. Figure 3.4 presents the XPS profiles for all elements revealing
the possible interaction of PPy with the Ni12P5 core. Ni exhibits two peaks corresponding to the
spin-orbit lines of 2p3/2. Metal phosphides have a strong tendency for surface oxidation leading to
phosphates. Therefore, it is common for Ni in Ni12P5 to exist in mixed oxidation states i.e. +2
(nickel phosphate or hydroxide) and a small positive + (0<<2) corresponding to 855.9 eV and
852.4 eV, respectively (Figure 3.4 a).29 The P 2p profile consists of two prominent peaks at 129.4
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Figure 3.4 High resolution XPS profiles of (a) Ni 2p, (b) P 2p, (c) C 1s, (d) O 1s and (e)
N 1s and (f) Atomic % of Ni in Ni12P5 and Ni12P5/PPy.
eV and 133 eV, corresponding to the formation of metal phosphide and metal phosphate,
respectively (Figure 3.4 b). A negative shift in binding energy of characteristic peak for elemental
P (typically at 130.2 eV) confirms the strong electronic interaction of Ni+ to introduce slightly
electronegative P-. An increase in the relative intensity of phosphides is observed after polymer
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incorporation. Appearance of characteristic C=N (288.1 eV) in C 1s profile (Figure 3.4 c) of the
composites confirm the successful introduction of the conjugated polymer shell. The C-C peak at
284.8 eV in Ni12P5 microspheres arises from the substrate used for analysis. C-OH or C=O (286.5
eV) peak could possibly arise from exposure to air after synthesis. O 1s spectrum shows a strong
peak which may possibly originate from both nickel hydroxide and/or phosphate. The adsorbed
OH- or PO43- (Figure 3.4 d) arises due to surface oxidation. Although literature on metal
phosphides discuss mostly surface phosphates due to exposure to air, XPS alone cannot effectively
differentiate between these two phases due to similar binding energies.29-31 There are no extra
peaks in the O 1s profile due to the introduction of PPy shell on the microspheres. XPS profile of
N shows no peak for Ni12P5, as expected. However, N exists in three different coordination
environment in the Ni12P5/PPy composites (Figure 3e) i.e. =N- at 397.8 eV, undoped N-H center
at 399.6 eV and doped +N-H center at 401.2 eV.32 The peak for =N- points out the highly
conjugated nature of the polymer and unlocalized electrons contributing to aromaticity of the
monomer. The peak at 401.2 eV arises due to the uneven doping during polymerization, forming
an electropositive N center with higher binding energy. The most intense peak arises due to large
number of undoped N centers at slightly lower binding energy (399.6 eV). During polymerization,
electronegative N in PPy display electrostatic interaction with metal ions at the surface. Recent
report attributed this interaction to cause electronic changes at Cod+ site in N-doped Co2P/CC,
monitored by a positive 0.4 eV shift in Co 2p binding energy.33 Strong electrophilicity of N urges
electron transfer from metal to N creating a highly positive metal center. A similar observation
was reported by Yao et al. in N-CoS2, creating synergic Co-N sites with enhanced catalytic
properties.34 Work done by Wang et al. demonstrated formation of M-N coordination bond during
encapsulation of PPy on MnCo2O4 nanobelts.35 Increased amounts of Co3+ and Mn3+ were credited
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to strong oxidizing environment during polymerization and/or interaction between metal and N
from PPy. In this work, the probable Ni-N interaction was confirmed by evaluating the relative
intensities and peak position of Ni (2p) in both the microspheres and core-shell composites. As
evidenced in Figure 3.4 f, after composite formation, overall increase in atomic percentage of Ni
is observed from XPS results. Since the surface of Ni12P5 microspheres consist of Ni2+ and Ni+,
both are available for binding with N-PPy. It is important to mention that Ni2+-PPy interaction
cannot be overlooked. However, only a minor shift of 0.15 eV is observed towards higher binding
energy, indicating slight oxidation of Ni2+ during polymerization. Significant changes in intensity
and binding energy were observed in Ni+ (Figure 3.4 a). Due to the intervention of electronegative
N centers, Ni+ peak shifts 0.5 eV towards higher binding energy, generating a slightly more
positive Ni++ A dramatic increase in the intensity of Ni+ indicates higher amounts of nickel
phosphide at the interface. This is further corroborated with increased P− at the surface. Perhaps,
this increase in surface Ni+ is majorly impacting the overall atomic % of Ni, as mentioned earlier.
Ni++ enriched surface indicates strong interactions with N in the polymer shell. Thus, integrating
conducting polymer alters the electronic properties of active site by generating highly electrophilic
Ni++ and creating synergic Ni-N interface.
3.4.3 Co Decorated Ni12P5/PPy
As described above, due to strong electron coupling interactions, synergic M-N sites are
created at the interface of the microsphere and polymer shell. Electronegative N centers near Ni12P5
core bind to positively charged Ni. However, N centers at the outer edge are still available for
additional metal binding. Due to high affinity for N, transition metals are perfect candidates for
anchoring at this site, forming a hybrid catalyst. Introduction of a second metal at this site not only
increases the density of active sites, it also alters the activation energy of OER due to mixed M-N
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(Co-N and Ni-N) sites. To incorporate Co onto PPy shell, an electrodeposition method was
employed using CoCl2 and lithium perchlorate in water. This electrolyte displayed a salmon-pink
color corresponding to a hexagonally coordinated [Co(H2O)6]2+ complex.36 The resulting hybrid
catalyst, after electrodeposition, is denoted as Co@Ni12P5/PPy, indicating its multiple layers.
Electrochemical diagnostic techniques and TEM were employed to characterize the properties of
Co@Ni12P5/PPy. Initially, CV curves were analyzed to resolve various redox peaks in the region
-1.2 to 1.2 V during electrodeposition, as shown in Figure 3.5 a. A sudden increase in cathodic
current around -0.8 signifies the evolution of hydrogen. Apart from this, a small peak is observed

Figure 3.5. (a) Cyclic voltammetric analysis of Co electrodeposition on Ni12P5 and
Ni12P5/PPy, (b) potentiostatic current time transients during Co electrodeposition on
different electrode, (c,d) Co nanoparticles embedded in the PPy shell and (e) HRTEM
showing most predominant (111) plane of Co.
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around -0.54 V, corresponding to the reduction of Co2+ from solution to metallic Co0. The intensity
of this peak is enhanced in Ni12P5/PPy composites, due to the presence of favorable N anchoring
sites at the surface. The competing hydrogen evolution reaction (HER), occurring at >-0.8 V, can
reoxidize some of the surface Co0 to Co2+, forming mixed Co species.37,
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Reverse sweep

displayed an anodic peak in CV, corresponding to the stripping of deposited Co0 to Co2+, typical
in metal electrodeposition systems.39 In comparison to Ni12P5, composites show increase in redox
peak separation for deposition and stripping of Co0, indicating poor reversibility of this conversion.
We studied the potentiostatic current-time transients on different electrode surfaces to
understand the interaction of N from PPy with Co (Figure 3.5 b). The figure presents characteristic
nucleation growth process of a metal electrodeposition. With a potential of -1 V for 30 s intended
for Co deposition on bare electrode, chronoamperometric curves show a current maximum within
1-2s. This rising current presents the first stage of electrodeposition due to instantaneous formation
of Co nuclei sites and its growth on the electrode surface. In the next stage, a steady state value is
reached after a slight decrease in current indicating that the surface is fully covered with Co. In
case of PPy coated electrode, the overall current density is lower due to poor conductivity of PPy
compared to the composite. However, with highly active Ni12P5/PPy, there is continuous increase
in the current due to Co deposition and hydrogen evolution.40 At -1V, N from polymer is known
to interact with the metal undergoing reduction via a charge transfer process.41-43 N centers act as
effective sites to immobilize Co from the electrolyte resulting in Co-N bonds.44 A similar
interaction in Co-CP-C composites is demonstrated to enhance electrocatalytic activity due to
active Co-N sites.42 Exsitu characterization using TEM shows Co nanoparticles embedded in the
polymeric matrix on the surface of Ni12P5/PPy (Figure 3.5 c-e).17, 44 HRTEM exposes the most
dominant (111) facet of crystalline Co0. This indicates that mostly metallic Co0 is deposited on the
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electrode. However, as mentioned earlier, formation of some Co2+ is possible due to HER during
electrodeposition process.45 Many factors affect the distribution and size of these electrodeposited
Co nanoparticles like PPy thickness, time and electrode potential. For the scope of this manuscript,
we explored the effect of Co-N on OER keeping time as the constant parameter.
3.4.4 Electrochemical Oxygen Evolution
The electrochemical activity of Ni12P5, Ni12P5/PPy and Co@Ni12P5/PPy for OER is shown
in Figure 3.6 a. The presented voltammetric curves were taken after 20 cycles of CV to stabilize
the electrode current. Overall electrocatalytic performance for different catalysts is typically
evaluated in terms of overpotential (10) at 10mA/cm2 and Tafel slopes. Co@Ni12P5/PPy
demonstrated lowest 10 - 1.59 V, followed by Ni12P5/PPy (1.60 V) and Ni12P5 (1.62 V). In case of
Ni12P5/PPy composites, N induces electronic changes in Ni, creating Ni-N bonds.46,

47

As

evidenced from XPS, the local atomic structure of the active site consists of highly polarized Ni++,
exhibiting stronger affinity for chemisorbed intermediates and faster electron transfer properties
amongst core-shell layers. The decrease in Tafel slope from 62 ± 0.45 mV/dec to 46 ± 0.19 mV/dec
for the composites confirm the role of PPy and improved charge transfer properties in core-shell
structures. When Co is electrodeposited on Ni12P5/PPy, we generate dual M-N sites; Co-N and NiN. During OER analysis, direct electrochemical oxidation of Co sites is indicated by the anodic
peak around 1.2 V in initial LSV scan. This peak has been previously associated with the formation
of active CoOOH species.48 Evolution of surface oxidized Co(OH)2 and CoOOH species on Co
metal electrode were evidenced using operando XPS at various potentials preceding OER in KOH
alkaline electrolyte.49 After 20 cycles, the associated anodic peak disappears owing to the
irreversible oxidative nature of Co(OH)2/CoOOH conversion. Recent work done by Wu et al.
describes the formation of such surface oxidized Co species on metallic Co nanoparticles prior to
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OER.50 The excellent catalytic performance was attributed to superior electron conductivity of
metallic Co core.This suggests the successful involvement of Co as active center for OER.
Although only 10-30 mV improvement is observed at 10mA/cm2 in Co@Ni12P5/PPy, the hybrid
catalyst attains two and five times higher current density (100 mA/cm2 - 100) at a low 1.65 V,
compared to Ni12P5/PPy (41.0 mA/cm2) and Ni12P5 (21.6 mA/cm2). This dramatic increase
emphasizes the intrinsic changes in reaction kinetics arising due to synergic Co-N and Ni-N sites.
Recent work on CoP by Li and his workers demonstrated a promotional effect due to co-existence
Fe/Co-N on the electrocatalytic activity, resulting in improved power density and stability for Znair batteries.51 To elucidate the role of PPy in Co@Ni12P5/PPy, a control study was performed
where Co was electrodeposited directly on Ni12P5 microspheres, without the PPy shell. It is

Figure 3.6. (a) LSV curves for OER in 1M KOH after 20 cycles, (b) Tafel slopes of different
catalysts, (c) LSV curves of Co@Ni12P5/PPy before and after 7 hours of electrocatalytic
analysis, (d) Nyquist plot showing the changes in Rct for each catalyst and (e) comparison of
M2+/M3+ redox peak potential for different catalysts.
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important to remember that absence of N-C electronegative character at the surface decreases
anchoring sites for Co. Consequently, Co@Ni12P5 microspheres exhibit highest 10 (1.65 V) and
poor performance (Figure 3.6 a).
Electrochemical oxygen evolution on metal based catalysts occur via a 4e- transfer process
involving M-OH*, M-O* and M-OOH* intermediates.52 A close relation is observed between
binding energies of these intermediates and the active metal electronic structure affecting overall
OER performance.1 Tafel relationship linearly correlates the current measured to applied potential,
revealing reaction kinetics. Computational modeling has been used to assess changes in the rate
determining step (RDS) of a reaction to govern Tafel slopes.53, 54 Although Tafel analysis cannot
solely predict the exact RDS of the reaction, it can provide possible insights on the mechanistic
pathways based on calculated Tafel slopes. Tafel analysis on pure Ni12P5 revealed a value of 62
mV/dec (Figure 3.6 b), suggesting that the RDS relates to the chemisorption of OH-. The trend in
Tafel slopes for transition metal phosphides exhibit a series of values in the range 60-120
mV/dec.55, 56 Correlating the effects described in the previous section, a decrease in Tafel slope to
46 mV/dec, for Ni12P5/PPy, reveals improved kinetics. Presence of highly electrophilic Ni++,
likely increases affinity for OH- chemisorption. Tafel slope was further lowered to 40 ± 0.14
mV/dec in Co@Ni12P5/PPy, supporting the accelerated charge transfer kinetics due to dual M-N
sites. Stability tests performed on Co@Ni12P5/PPy (Figure 3.6 c) showed an increase of 10 mV
(10), without compromising the overall current density at higher potentials. To further our
understanding on the improved reaction kinetics, electrochemical impedance (EIS) analysis was
performed at OER operating potential on these catalysts as shown in Figure 3.6 d. The impedance
data were fitted for each catalyst as per the equivalent electrical circuit is given in the inset of
Figure 3.6 d. All catalysts exhibited a solution resistance (Rs) in the range of 6.8 – 7.1 Ω. The trend
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in charge transfer resistance (Rct) obtained from the Nyquist plot is given as: Co@Ni12P5/PPy (2.93
Ω) < Co@Ni12P5 (4.91 Ω) < Ni12P5/PPy (8.51 Ω) < Ni12P5 (10.19 Ω). The charge transfer resistance
is greatly reduced in the hybrid Co@Ni12P5/PPy, which validates the low Tafel slope.
Incorporation of M-N bonds at the surface, promotes metal electrophilicity resulting in superior
electron transfer rate. In addition to this, the calculated double layer capacitance (Cdl) values
obtained using Gamry analyst software indicates a 50-fold increase for the hybrid Co@Ni12P5/PPy
in comparison to Ni12P5. Table S2 showing an increase in capacitance from 0.15 mF/cm2 (Ni12P5)
to 3.24 mF/cm2 (Ni12P5/PPy), can be attributed to the excellent electronic interaction between the
core-shell morphology. With the introduction of dual synergic effect, there is an enhanced double
layer capacitance (Cdl) in Co@Ni12P5/PPy with a value of 8.20 mF/cm2. The trend in capacitance
can be extrapolated to electrochemically active surface area (ECSA) of the catalysts.
ECSA can be obtained by diving Cdl with specific capacitance (Cs) of the sample. McCrory
et al. reported Cs values for catalysts with various compositions and elements in the range of 0.0220.13 mF/cm2 in alkaline solutions.6,
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Due to the complexity of the hybrid catalyst, values

measured in this work should be regarded as a guide for comparing ECSA. It is also essential to
note the broad range of experimentally determined intrinsic capacitance of PPy (60-1200 F/cm2)
that makes it difficult to quantify ECSA of hybrid catalyst.58 Therefore, comparing specific activity
in terms of capacitance from EIS could overestimate the actual catalytic centers. In such cases,
ECSA calculations using redox peak method is accepted to be the most accurate, especially in 3d
TM based catalysts.59 We refer to this editorial feature for elaborate calculations in determining
the number of active metal sites. TM catalysts exhibit a distinct redox peak corresponding to
M2+/M3+ before the onset of OER. Detailed mechanistic studies have revealed the conductive M3+
to be the most active for OER.60 Integrated area of the anodic peak from LSV, corresponding to
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this metal oxidation process, gives an accurate number of metal active sites responsible for OER.
The number of Ni sites calculated using this technique for Ni12P5 and Ni12P5/PPy corresponds to
1.16E16 and 6.30E15, respectively. With same catalyst loading on electrode, actual number of Ni
sites are reduced for Ni12P5/PPy due to mass contribution from PPy. Increase in loading for
Ni12P5/PPy to maintain the same number of Ni sites resulted in decreased activity due to the
presence of large amount of less conductive PPy. Therefore, mass of the overall catalyst was
maintained at 0.1 mg/cm2 for Ni12P5/PPy to avoid self-masking of the catalytic centers. In case of
Co@Ni12P5/PPy, 30 s of optimized Co electrodeposition resulted in similar total metal sites. The
number of metal sites catalyzing OER from the integrated area under the redox peak is found to
be 1.11E16. Considering the number of active metal sites in Ni12P5 completely covers the
geometric area of the electrode, relative ECSA for both Ni12P5 and Co@Ni12P5/PPy has similar
Table 3.1 Literature on PPy based catalysts tested for OER
Catalyst

10 a (V)

Tafel slope
(mV/dec)

Loading
(mg/cm2)

Electrolyte
(KOH)

Co@Ni12P5/PPy

0.36

40

0.1

1M

NdBa0.25Sr0.75Co2O
5.9/PPy/C

0.42

-

0.8

0.1 M

1

0.48
0.63 at 4
mA/cm2

-

0.4

0.1 M

2

-

0.3

0.1 M

7

MnCo2O4@PPy
Co3O4/PPy

Ref
This
work

Co(OH)2/PPy/GO
CoNiMnLDH/PPy/RGO
CoFe-PPy
Co-PPy
Fe-PPy

0.4

68

0.14

1M

9

0.37
0.46
0.65
0.68

77

0.2

0.1 M

11

-

0.338

0.1 M

Co9S8@NOSC-900

0.34

66

0.28

1M

PPy/FeTCPP/Co

0.38

61

0.3

0.1 M

a

13

15
17

All overpotentials are reported at 10 mA/cm2 unless specified. Overpotentials reported using Ag/AgCl reference electrodes
were converted to RHE using the following equation: ERHE = EAg/AgCl + 0.059 pH + 0.1976.
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values. The observed increase in OER performance and kinetics is attributed to the dual synergic
M-N sites in Co@Ni12P5/PPy. Enhancements in OER performance in Ni based catalysts due to
trace amounts of accidental Fe incorporation has shown to be crucial.61-64 The inherent increase in
OER performance in Ni-Fe systems is associated to reaction intermediate energetics at Ni-O-Fe
active sites. Boettcher et al. demonstrated characteristic anodic shift (>55 mV after 100 cycles) of
the redox peak corresponding to Ni(OH)2/NiOOH in codeposited Ni-Fe catalysts.63 In such cases,
anodic shift in redox peak position is related to changes in electronic structure and helps identify
accidental incorporation of Fe. Recent work done by Chinnappan et al. attributed the enhancement
in OER performance to Ni2+/Ni3+ transformation and not accidental Fe incorporation in PPy/IL
nanoparticles during Py polymerization.65 To understand the incorporation of Fe in our catalysts
during Py polymerization, we compared the CV redox peak positions of all the three
electrocatalysts (Figure 3.6 e). As demonstrated, no significant shift in redox peak position for
Ni12P5/PPy is observed compared to Ni12P5. In reference to hybrid catalyst, cathodic shift suggests
facilitated M2+/M3+ conversion. With increased number of metal sites via Co incorporation, OER
performance improves due to more available active sites compared to Ni12P5/PPy and better
chemisorption of hydroxyl ions. To our knowledge, employing CPs for OER is not well

Figure 3.7 Graphical summary of the chapter
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established, especially PPy based catalysts. A compilation from literature on PPy functionalized
metal catalysts employed for OER is reported in Table 3.1 With this hybrid Co@Ni12P5/PPy
catalyst, we achieved excellent enhancement while maintaining stability in comparison to the other
catalysts reported in literature.
3.5 Conclusions
In this work, a novel hybrid catalyst Co@Ni12P5/PPy is strategically synthesized with a
precise choice of individual components. This hybrid catalyst features excellent current density at
low overpotential and long-term stability. Enhanced activity is primarily due to dual synergic
charge transfer effects between the M-N sites. This strong electron coupling effects between
different layers decrease the charge transfer resistance to 2.93 Ω with a low Tafel slope of 40
mV/dec, achieving facile kinetics. Electronegative N in PPy effectively increases nickel phosphide
at the Ni12P5/PPy interface and boosts OH- chemisorption. With the incorporation of Co, the
number of electrochemically active M-N sites are increased compared to Ni12P5/PPy. Presence of
polarized M-N bonds create stronger electrophilic metal site which facilitates the rate determining
OH- chemisorption step. This work offers the possibility of employing PPy shell as an excellent
constituent for creating multiple M-N active sites, introducing a new class of polypyrrole
analogues for enhancing the activity of metal-based catalysts.
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CHAPTER 4: DEFECT RICH CoSe2-MoSe2/PEDOT FOR OXYGEN EVOLUTION
REACTION
Note to Reader: This chapter will be submitted as a manuscript to a journal.
4.1 Abstract
Water electrolysis is an attractive technique for sustainable hydrogen production.
Developing novel catalyst is achieved using defect and interface engineering for OER. A
solvothermal technique is employed for growth of CoSe2-MoSe2 using PEDOT as a template. We
report formation of CoSe2-MoSe2 interfaces with VSe and Mo-Mo bond defects in CoSe2MoSe2/PEDOT composites, as evidenced from electron microscopy. Further, XPS analysis
revealed appearance of surface oxidized species due to presence of defect sites. PEDOT induced
synergic interaction promotes excellent charge transfer properties, while incorporation of CoSe2
alters binding energy properties of the active site, particularly promoting oxygen evolution
reaction. In contrast to MoSe2, defect rich CoSe2-MoSe2/PEDOT favors better reaction kinetics
with decreased Tafel slopes. Furthermore, this catalyst exhibits a low 10 of 1.53 V for OER and
electrocatalytic stability up to 1000 cycles.
4.2 Introduction
Alkaline water electrolysis is a promising technology to produce hydrogen as clean and
renewable fuel. However, production of H2 for large scale implementation using this technology
is limited due to cost, durability and reliability of electrocatalysts. The overall reaction comprises
of cathodic hydrogen evolution reaction (HER) and sluggish anodic oxygen evolution reaction
(OER) that curbs overall efficiency.
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Till date, noble metal-based catalysts like Pt and Ru/Ir are considered as state of the art
materials for HER and OER, respectively.1,

2

However, these elements limit its widespread

commercialization due to high cost, low abundance, and durability. It is of great importance to
develop alternate catalysts which can achieve better performance in both half-cell reactions.
Towards this effect, potential transition metal based catalysts have received great attention and
have been demonstrated to perform at par with noble metals.
Among numerous transition metal-based catalysts, transition metal dichalcogenides
(TMDs) exhibit tunable electronic properties that contribute to achieving efficient performance in
water electrolysis. A range of combinations with different TM (especially Ni, Co, Mo, and W) and
chalcogens (S, Se, and Te) have been successfully employed as electrocatalysts for HER and/or
OER. Of these, MoSe2 is receiving increasing attention in water electrolysis due to its excellent
catalytic activity and stability.3,

4

Unlike MoS2, MoSe2 exhibits higher intrinsic electrical

conductivity due to the presence of metallic Se-Se bonds.5 Recent work on vertically aligned
MoSe2 with exposed edge sites showed higher exchange current density for HER.6 DFT studies
reveal that Mo/Se terminating edges are the primary active sites for HER activity due to its
hydrogen binding affinity.7 Attempts to expose more edge sites have been made using various
techniques such as (a) different synthesis methods - chemical vapor deposition (CVD), chemical
exfoliation or solvothermal, (b) introduction of defect sites and (c) activating basal planes via
doping.8 Although these strategies have been shown to improve HER performance in TMDs,
application and understanding of MoSe2 based catalysts in water electrolysis has not been
explored. Engineering bifunctional MoSe2 based catalysts should address effective charge transfer
properties, efficient adsorption sites for various reaction intermediates in HER and OER, and
structural stabilization after product desorption. Focusing on these issues, we direct our efforts
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towards synthesizing composite structures using conducting polymer as a template. Composites of
TMDs with conducting polymers (CPs) are expected to improve the conductivity and active sites
of the catalyst due to synergic interaction. Recently, Zhang et al. developed MoS2/polyaniline
composites with edge rich nanosheets demonstrating improved activity along with better electron
transport properties.9 Another study by Lu et al. reported a one-step hydrothermal synthesis of
polypyrrole templated 3D-MoS2, which exposes efficient edge active sites with a highly
mesoporous structure for excellent HER performance.10 CPs with π-conjugated system possess
unique properties including high electrical conductivity, mechanical flexibility, ease of synthesis
and tunable physical properties. Among various CPs, poly(3,4-ethylenedioxythiophene) - PEDOT
is highly conductive, chemically stable, and has been widely employed as counter electrodes for
dye-sensitized solar cells.11 Previous reports on excellent electrocatalytic oxygen reduction
performance of PEDOT based catalysts gained our attention towards employing this polymer for
water electrolysis.12, 13 While MoSe2/CP composites can improve the intrinsic charge transfer
properties, its application as bifunctional electrocatalyst requires alternate active sites with
effective OER performance. Pristine TMD based catalysts, especially MoSe2 and MoS2, cannot
serve as bifunctional electrocatalysts for water electrolysis, as they exhibit poor electrical
conductivity and high reaction energy barrier for OER. Development of bifunctional
electrocatalysts can be accomplished by incorporating a new metal active site within MoSe2. Such
heterostructures have been primarily reported using Ni, Co, and Fe due to their optimum binding
energy properties for oxygen intermediates and high intrinsic electrical conductivity.14, 15 Work
done by Zhu et al. demonstrated strong coupling interactions in CoS2-C@MoS2 nanofibers,
resulting in superior performance and stability.16 In this work, we design MoSe2 based composites
by forming interfaces with CoSe2. Incorporating such heterostructure interfaces is shown to
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provide efficient OER active sites while simultaneously inducing defect sites. TMDs are
intrinsically susceptible to defect generation like anion vacancies, grain boundaries, adatoms and
substitutional impurities.17 Defect sites can act as additional binding sites for reactants, thus
exposing more catalytically active sites. Defect sites also modulate band gap of traditional TMDs
and has been demonstrated to improve its electrocatalytic activity. Simultaneous incorporation of
highly conductive CoSe2 and PEDOT aids faster electron transfer properties during
electrocatalysis. Experimental evidence revealing Vse and Mo-Mo bond defects in CoSe2MoSe2/PEDOT is achieved using extensive microscopy studies. Formation of such vacancies is
corroborated by the appearance of surface oxidized species in CoSe2-MoSe2/PEDOT. A strong
synergic interaction amongst CoSe2, MoSe2 and PEDOT enables bifunctional catalytic
performance for water electrolysis. We report a novel TMD-conducting polymer based catalyst
with exceptional potential in water electrolysis. This work also introduces a new class of PEDOT
based catalyst for water electrolysis.
4.3 Experimental methods:
4.3.1 Chemicals and purity.
3,4-ethylenedioxythiophene (EDOT, Sigma Aldrich, 97%), sodium dodecyl sulfate (Sigma
Aldrich, 99%), anhydrous FeCl3 (Sigma Aldrich, >99.9%), hydrazine hydrate (Sigma Aldrich, 5060%), Se powder (Sigma Aldrich, 99.9%), Na2MoO4.2H2O (Sigma Aldrich, >99%),
Co(NO3)2.6H2O (Sigma Aldrich, 98%). All chemicals were used without further purification.
4.3.2 Oxidative Chemical Polymerization of EDOT.
EDOT (1 mL) and SDS (525 mg) were dissolved in 25 mL distilled water (DW). In a
separate flask, a solution of oxidant was prepared by dissolving 1.5 g FeCl3 in 25 mL DW. The
molar ratio of monomer to oxidant was set to 1:1. The oxidant solution was slowly added to the
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monomer solution and stirred overnight. The final reaction mixture was filtered, washed with
excess DW and ethanol. Finally, the obtained powder was dried overnight at 60 °C.
4.3.3 Synthesis of CoSe2-MoSe2/PEDOT Interfaces.
CoSe2-MoSe2/PEDOT was obtained using a modified method described in the literature.18
In a typical synthesis, Se powder (2 mmol) was dispersed in 10 mL hydrazine hydrate and stirred
vigorously for 1 h to obtain a well-dispersed solution. In a separate flask, 1 mmol Na2MoO4.2H2O
and 0.2 mmol Co(NO3)2.6H2O were dissolved in 10 mL PEDOT dispersed DW. The contents from
both the flasks were mixed and stirred for additional 30 min to form a uniform dispersion. Then,
the dispersion was transferred to a 50 mL Teflon-lined autoclave and heated (rate of 10 °C/min)
to 200 °C and held for 12 h. The autoclave was cooled to room temperature naturally. The product
obtained was washed with DW several times and dried at 60 °C. To obtain highly crystalline
nanosheets, the above obtained product is annealed at 400 °C in N2 atmosphere for 3 h. The final

Figure 4.1 Schematic illustration of synthesis
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product is referred to as CoSe2-MoSe2/PEDOT. Control syntheses were performed using the same
method without (a) Co(NO3)2 and PEDOT to obtain pure MoSe2, (b) Co(NO3)2 to obtain
MoSe2/PEDOT and (c) PEDOT to obtain CoSe2-MoSe2.
4.3.4 Material Characterizations.
With an accelerating voltage of 200 kV and a point resolution of 0.24 nm, extensive
morphological analysis was performed using Tecnai F20 transmission electron microscope
(TEM). Surface electronic properties were obtained using ULVAC-PHI XPS with a pass energy
of 23.5 eV for individual peaks. Obtained data were adjusted by using C 1s peak position
referenced to 284.8 eV. Elimination of differential charging for all samples, placed on an adhesive
tape, was done using a combination of electron flood gun and low energy Ar ion beam. Peak fitting
was performed by imposing various restricting like fwhm, peak intensities and ΔE between the
spin orbit components.
4.3.5 Electrochemical Analysis.
All electrochemical experiments were performed in 1 M KOH using 3000 Gamry
bipotentiostat with a modulated speed rotator. A three-electrode setup was employed – glassy
carbon rotating disk working electrode (RDE), Pt counter electrode and saturated calomel
reference electrode (SCE). SCE was calibrated in H2 purged KOH using Pt wires as counter and
working electrodes. A linear sweep voltammetry (LSV) was taken to determine the potential at 0
mA. This potential (1.004 V) was used as the thermodynamic potential for HER. Potential
conversion to RHE scale was performed using the equation E (vs RHE) = E (vs SCE) + 1.004 V.
Electrode inks were prepared by sonicating 4.0 mg catalysts and 20 μL NafionTM (2 wt%)
in a mixture of 750 μL isopropanol and 250 μL DW. Then, 10 μL of the catalyst ink was drop
casted onto RDE and dried in air. Prior to coating, RDE was cleaned thoroughly with 0.05 μm
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alumina. The electrolyte solution was purged for 20 min with N2 before electrochemical
measurements. Cyclic voltammetry (CV) and LSV measurements were measured at 50 mV/s and
5 mV/s, respectively. Impedance measurements were taken with a frequency range of 100 KHz to
0.1 Hz and obtained Nyquist plots were fitted using Gamry analyst software.
4.4 Results and Discussion
4.4.1 Formation of CoSe2-MoSe2/PEDOT
Few-layer CoSe2-MoSe2/PEDOT interfaces are synthesized using a multistep solvothermal
technique as illustrated schematically in Figure 4.1. Chemical oxidative polymerization of EDOT
in the presence of SDS as a surfactant results in a highly conductive polymer substrate.19
Depending on the surfactant and oxidising reagent during polymerization, the doped conductive
polymers exhibit varied conductivity and morphology. Se powders are initially reduced by
hydrazine hydrate to form Se2- ions, which react with Mo and Co cations, forming CoSe2-MoSe2.
Introduction of PEDOT, as substrate, along with metal precursors yield inorganic-organic
nanocomposites. After annealing, the obtained highly crystalline catalysts are represented
throughout this report as MoSe2, MoSe2/PEDOT and CoSe2-MoSe2/PEDOT. Crystal structure
information by XRD demonstrated the presence of both crystalline CoSe2 and MoSe2.
4.4.2 Defects Generation in CoSe2-MoSe2/PEDOT
Understanding details of atomic changes in CoSe2-MoSe2/PEDOT can be crucial for
applications in OER and is accomplished by high resolution electron microscopy studies. Pristine
MoSe2 nanosheets (Figure 4.2 a-d) display two prominent crystallographic facets - (100) and (002).
As depicted in Figure 4.2 c, (100) corresponds to the basal plane of MoSe2. Single MoSe2
nanosheets are shown to be stacked with an interlayer distance of 0.68 nm, forming (002) edge
plane. Morphological changes with the introduction of PEDOT during the synthesis of MoSe2 is
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Figure 4.2 (a,b) TEM images of pure MoSe2 displaying nanosheets, (c,d) HRTEM
depicting basal plane (100) and edge plane (002), (e) TEM image of MoSe2/PEDOT and
(f) HRTEM depicting enlarged edge plane (002).
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shown in Figure 4.2 e, f. Interestingly, increased interlayer distance of the edge planes to 0.72 nm
is observed. This enlarged atomic stacking can arise from the incorporation of PEDOT between
MoSe2 nanosheets. Along with improved conductivity, PEDOT induced enlargement of the
interlayer distance also facilitates rapid ion diffusion. Wang et al. demonstrated structural stability
of MoS2/PANI during Li+/ Na+ storage, thus delivering high capacity.20 A similar effect was also
shown by incorporating PVP amongst layers of MoS2, displaying <5 stacked layers with enlarged
interlayer distance resulting in improved HER performance.21 In case of CoSe2-MoSe2/PEDOT,
nanosheet like morphology is retained with hexagonal honeycomb atomic arrangement of MoSe2
as shown in Figure 4.3 a, b and e. Exposed edge facets correspond to (002) lattice arrangement
with an interlayer distance of ~0.70 nm (Figure 4.3 c). We have highlighted the interface of CoSe2
and MoSe2 in CoSe2-MoSe2/PEDOT with a red arrow as shown in Figure 4.3 d. Striking
differences, due to the formation of interfaces, are observed in the HRTEM of the catalyst.
Deviations from hexagonal lattice is highlighted at many regions, marked in red (Figure 4.3 d, f
and g). Figure 4.3 d1 emphasizes the lattice dislocations in (004) plane of MoSe2, indicated with
an arrow. Such dislocations have been previously reported in single and bilayer MoS2 sheets and
were shown to be associated with (000a) lattice planes.22-25 Layered TMDs, especially MoS2, have
been extensively studied to unravel the defect sites using DFT and microscopic techniques. Recent
work by Zhou et al. described two types of point defects in MoS2 – (a) vacancy defect sites due to
monosulfur (VS), disulfur (VS2), Mo and adjacent three sulfur atoms (VMoS3), Mo and adjacent
three disulfur atoms (VMoS6); (b) antisite defects due to Mo replacing S2 (MoS2) and S2 replacing
Mo (S2Mo).26 Of these defects, VS was calculated to have the lowest formation energy and was
experimentally demonstrated to be the most common in CVD synthesis technique. Although
reports explored various defects in MoS2, selenide-based materials have not been investigated.
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Figure 4.3. (a,b) TEM images depicting nanosheet like structures of CoSe2-MoSe2/PEDOT,
(c) (002) stacked layers of CoSe2-MoSe2/PEDOT with an interlayer distance of 0.70 nm, (d)
(120) plane of CoSe2 and (d1) showing line dislocation in (004) lattice plane of MoSe2
(marked in red), (e) enlarged image of MoSe2 showing hexagonal lattice, (f,g) different defect
sites in CoSe2-MoSe2/PEDOT with enlarged regions marked in red.
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In this study, we demonstrate the formation of atomic structural defects in MoSe2. In this
work, the method used to synthesize CoSe2-MoSe2/PEDOT proceeds with no excess Se addition
during the formation of o-CoSe2, resulting in Se deficient catalyst. During thermal annealing, VSe
point defects can reorganize resulting in extended dislocations and grain boundaries. The
synthesized CoSe2-MoSe2/PEDOT have >3 stacked layers and therefore, do not exactly match
simulated and/or reported HRTEM of mono/bi layered TMDs for defect sites. High resolution
image, shown in Figure 4.3 f1, highlight features coherent to atomic defect sites. Figure 4.3 g1
shows distinctive bonding characteristics that occurs from dislocation core structures at grain
boundaries. Distortion from a hexagonal lattice forming open rectangular pattern is associated to
dense packing of Mo atoms.23 Work done by Enyashin et al. employed molecular dynamics
simulations to speculate bonding characteristics that resulted in similar line defects.23 Analogous
to the study, experimentally obtained defect rich HRTEM (Figure 4.3 g1), in this work, closely
matches with the simulated image for Mo-Mo bond defect in multilayered MoS2. In Se deficient
conditions, atom reconstruction at grain boundaries can augment adjacent Mo-Mo interaction,
creating stable metallic defect sites.26 To date, such defect sites have not been reported in MoSe2
based materials. Depicted in Figure 4.3 (f2 and g2) are two different Moire patterns observed in
CoSe2-MoSe2/PEDOT. These patterns arise due to rotational stacking faults from defect-free and
defect-rich TMD layers. Such concentric circle type defects evolve by pushing three chalcogen
atoms away in the top layer (forming inner circle) and simultaneously, removing three other
chalcogen atoms from the bottom layer, creating multiple anion vacancies.27 It is important to note
that, in both MoSe2 and MoSe2/PEDOT, VSe induced point defects or line defects are not detected
in HRTEM.
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4.4.3 Surface Electronic Changes in CoSe2-MoSe2/PEDOT
Insights on PEDOT and VSe induced modulation of surface electronic properties in MoSe2
were studied using XPS technique. Deconvolution for all elements were done by considering
various parameters like ΔE, full width at half maximum (FWHM) and intensities of spin orbit
components (Figure 4.4). Typical Mo 3d peak in MoSe2 based materials comprise of 3d5/2 and
3d3/2 components, overlapping with Se 3s peak. Binding energy of 3d peaks at 229.2 eV and 232.3
eV suggest Mo4+ species, indicating a pristine MoSe2 surface. ΔE for Mo 3d splitting has a value
of 3.1 eV, consistent with literature. Se profile for pristine MoSe2 shows two main peaks
corresponding to the 3d spin orbit coupling – 3d5/2 and 3d5/2 at 54.6 eV and 55.4 eV respectively,
with ΔE of 0.85 eV. Peak position indicates that Se predominantly exists as Se2- at the surface,
confirming Mo-Se bonds. Contribution from Se 3p orbitals are also present in the binding energy
region 158-170 eV, overlapping with S 2p peaks. It is evident that there are no S peaks in pristine
MoSe2. Presence of C-C peak in C 1s arises from the exposed substrate used for analysis and O 1s
profile displayed no significant peaks in pristine MoSe2. With the incorporation of PEDOT in
MoSe2/PEDOT, new peaks corresponding to C-S and O=C-O appeared in the C 1s profile and CO-C in O 1s profile. The conjugated aromatic structure of EDOT consists of a five membered
thiophene ring with an ethylene glycol unit substituted at its 3,4 position. Simultaneously, changes
in the S 2p and Se 3p region occur with the appearance of a new doublet at 163.1 eV and 164.3
eV, corresponding to S 2p3/2 and 2p1/2, respectively. These peaks are typical for S atom in a
thiophene ring with a spin orbit splitting of 1.18±0.2 eV. During the synthesis of MoSe2/PEDOT,
few weak field S ligands are speculated to undergo local oxidation resulting in PEDOT+, via a
charge transfer process.28 Concurrently, reduction occurs at few Mo4+ sites, resulting in a slight
shift towards lower binding energy in Mo 3d peaks of MoSe2/PEDOT. This suggests creation of a
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Figure 4.4. XPS Profiles of (a) Mo-3d, (b) Se-3d, (c) Co-2p, (d) C-1s, (e) S-2p & Se-3p
and (f) O-1s of MoSe2. (I) MoSe2/PEDOT (II) and CoSe2-MoSe2/PEDOT (III).
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synergic interaction between MoSe2 and PEDOT. Generation of such synergic sites in transition
metal - conducting polymer based composites has been shown to enhance catalytic properties of
the active site. Wang et al. demonstrated similar interaction between conjugated PEDOT and MoS2
in PEDOT/MoS2 nanocomposites resulting in superior conducting and charge storage properties.29
Along with strong interaction with the conducting polymer, we demonstrate formation of various
defect sites in the previous section, by synthesizing CoSe2-MoSe2/PEDOT interfaces. Appearance
of a peak at 779.4 eV, corresponding to spin orbit component (2p3/2) of Co, confirms the formation
of CoSe2. A slight positive shift to higher binding energy is attributed to the strong electronic
interactions between the two TMDs.30 Significant changes due to introduction of CoSe2 interfaces
are seen in Mo 3d and Se 3d profiles. Mo 3d exhibit two additional peaks at 232.8 eV and 236.0
eV, suggesting presence of oxidized Mo, typically MoOx. Along with MoOx, four new peaks
appear in Se 3d profile of CoSe2-MoSe2/PEDOT. The higher binding energy spin orbit peaks at
58.9 eV and 59.9 eV correspond to oxidized SeO2 at the surface of selenides. Peaks at 55.9 eV and
56.7 eV corresponds to the spin orbit components of Mo-Se-O bonds.31 These surface oxidized
species highlight the presence of VSe and/or undercoordinated Mo atoms due to the introduction
of o-CoSe2.32-34 We further quantify % VSe in CoSe2-MoSe2/PEDOT from the atomic ratios –
Se:(Mo+Co), while normalizing the ratio in pristine MoSe2 to 2. Formation of 7% VSe is calculated
to occur at the surface of CoSe2-MoSe2/PEDOT. Previous report has shown preserved stability of
such strained surface arising due to anion vacancies upto 11% in MoS2.35 Existence of vacancies
reduce the kinetic barrier (by half) associated towards surface oxygen adsorption and
dissociation.36 Subsequently, migration of dissociated O to undercoordinated Mo atoms at the
surface results in formation of metallic Mo-O bonds. Nan et al. showed a charge transfer process
between O atom and vacancy sites of MoS2 using photoluminescence spectroscopy.37 Such strong
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chemisorbed oxygen-anion vacancy interactions were seen to be present even after annealing.
Presence of VSe defects have shown to play crucial role in altering the active site electronic
properties, conductivity and electron transport properties of the material. These vacant sites act as
active centers for electrocatalytic HER by facilitating H adsorption.38, 39
4.4.4 Electrocatalytic Oxygen Evolution
Defect engineered catalytic activities of transition metal dichalcogenides have gained
immense attention due to improved reactivity of active sites. To elucidate the role of VSe defects
on the catalytic activity of CoSe2-MoSe2/PEDOT, we performed electrochemical half-cell
reactions in alkaline electrolyte. Alkaline oxygen evolution reactions are tested in 1 M KOH using
a three-electrode set up. Figure 4.5 shows electrochemical OER analysis of pristine MoSe2,
MoSe2/PEDOT and CoSe2-MoSe2/PEDOT. Alkaline OER proceeds via a 4 e- transfer process with
OH*, O* and OOH* intermediates. Mechanistic studies focus on understanding interaction of these

Figure 4.5 (a) Polarization curves for oxygen evolution, (b) Corresponding Tafel slopes and
(c) Stability tests for CoSe2-MoSe2/PEDOT and (d) Nyquist plots showing charge transfer
resistance in N2 saturated 1 M KOH at room temperature. (I) MoSe2, (II) MoSe2/PEDOT,
(III) CoSe2-MoSe2/PEDOT and (IV) CoSe2-MoSe2.
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intermediate species at the active site. Most transition metal-based catalysts suffer from either too
strong or too weak adsorption of these intermediates. Binding strength of the intermediates at the
active site, therefore, determines the reaction kinetics and overall performance. Conducting
polymer composites of other transition metal-based catalysts like oxides/hydroxides and
phosphides have been explored for electrochemical OER.40, 41 However, reports on TMDs for OER
are rare compared to studies detailed on application towards HER, especially MoSe2 based
electrocatalysts.
Electrochemical OER activity for the three catalysts is given in Figure 4d, e and f. The
observed trend in terms of 10 for OER is: CoSe2-MoSe2/PEDOT - 1.53 V < MoSe2/PEDOT - 1.62
V < MoSe2 - 1.67 V (Figure 4.5 a). As expected, pristine MoSe2 exhibits poor activity with highest
overpotential and Tafel slope (78±0.6 mV/dec). Introducing PEDOT in MoSe2 shows 50 mV
improvement in overpotential due to better conductivity of the composite. Our previous work
demonstrated enhancement in OER performance of Ni12P5 by polypyrrole incorporation, due to
creation of synergic M-N sites.42 Similarly, facilitated electron transfer properties, due to synergic
interaction between MoSe2 and PEDOT, dramatically decrease Rct (Figure 4.5 d) from 52 Ω
(MoSe2) to 7.2 Ω in MoSe2/PEDOT. This is further validated by a decrease in Tafel slope to 67±0.6
mV/dec (Figure 4.5 b). Experimentally obtained value suggests adsorption of OH- at the active site
to be rate limiting in pristine MoSe2 and MoSe2/PEDOT. Adsorption of OH- is primarily
influenced by electron density of the active metal site. Apart from improving intrinsic conductivity,
incorporation of Co has a major role in OER. As evidenced from XPS, strong coupling interaction
exists at CoSe2-MoSe2 interface, which can promote charge transfer properties and benefit
electrocatalytic performance. To understand the effect of o-CoSe2, we tested OER activity of
CoSe2-MoSe2 without PEDOT, as a control study. Formation of CoSe2-MoSe2 interfaces lowers
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10 to 1.58 V and Tafel slope to 47±0.2 mV/dec, displaying improved OER performance. This
enhanced performance and kinetics is attributed to the presence of Co2+ with near optimal eg
filling.43,

44

Eg occupancy has been identified as an important activity descriptor for oxygen

electrocatalysis in transition metal-based catalysts. Therefore, presence of Co2+ offers conducive
environment for efficient OH- binding and improves kinetics of the rate limiting step. Second,
formation of interfaces with VSe and Mo-Mo bond defects provide additional active sites with
decreased binding energy for oxygen intermediates.45 Presence of such defects alter metal-Se bond
strength and favor optimal affinity to interact with oxygen intermediates by reducing its binding
energy. A recent work showed oxygen adsorption energetics on MoS2 at six possible sites of
coordination, including VS, Mo and Mo-S bridge, to be thermodynamically and kinetically
favorable.36 Altered electron density around the active metal site promotes the kinetically limiting
OH- adsorption in CoSe2-MoSe2/PEDOT. Owing to its modulated surface electronic properties
with the introduction of Co2+ and defect sites, CoSe2-MoSe2/PEDOT interfaces exhibit superior
OER activity with lowest 10 (1.53 V) and Tafel slope (39±0.1 mV/dec). Anion deficiencies in
transition metal based electrocatalysts are also known to facilitate formation of surface
oxyhydroxides during OER, thus demonstrating excellent overall performance.46,
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Such

oxyhydroxides generate metal sites with higher oxidation states, which are considered to be the
active species during OER. A combination of conductive PEDOT and improved active site
properties of the catalyst corroborates small charge transfer resistance of 4.6 Ω.
Defect rich catalysts are prone to structural instability at higher potentials or repeated
cycling. Stability test performed on CoSe2-MoSe2/PEDOT for OER is shown in Figure 4.5 c. LSV
curves show almost no change in 10 up to 1000 cycles. Above electrochemical results present the
excellent bifunctional potential of CoSe2-MoSe2/PEDOT catalyst in water electrolysis. It is evident
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that such catalysts have been rarely studied for OER. This work provides a comprehensive research
on generation and nature of defect sites in CoSe2-MoSe2/PEDOT interfaces and reports
bifunctional catalytic ability in MoSe2 based electrocatalysts.
4.5 Conclusions
In summary, we have successfully synthesized defect rich CoSe2-MoSe2/PEDOT
interfaces using a facile solvothermal technique. Owing to the formation of o-CoSe2 phase,
generation of various defects like VSe and metallic Mo-Mo bond sites are observed using electron
microscopy. Unlike MoSe2 or MoSe2/PEDOT, appearance of surface oxidized species in CoSe2MoSe2/PEDOT confirms presence of defects. Strong interaction due to the introduction of
conductive o-CoSe2 and PEDOT enable better charge transfer properties and result in improved
reaction kinetics. Significant improvement in performance due to the presence of highly
conductive o-CoSe2 and PEDOT in CoSe2-MoSe2/PEDOT is achieved with 10 of 1.53 V and
Tafel slope of 39 mV/dec. Further, presence of Co2+ and defect sites provide optimal binding
energy for oxygen intermediates. The catalyst also exhibits stability up to 1000 cycles with
negligible change in overpotential for OER in 1 M KOH. This work explores the chemistry of
defect and interface engineering in MoSe2 based electrocatalysts for water electrolysis.
4.6 References
1.
Luo, F.; Guo, L.; Xie, Y.; Xu, J.; Qu, K.; Yang, Z., Iridium nanorods as a robust and
stable bifunctional electrocatalyst for pH-universal water splitting. Applied Catalysis B:
Environmental 2020, 279, 119394.
2.
Lim, A.; Kim, J.; Lee, H. J.; Kim, H.-J.; Yoo, S. J.; Jang, J. H.; Young Park, H.; Sung,
Y.-E.; Park, H. S., Low-loading IrO2 supported on Pt for catalysis of PEM water electrolysis and
regenerative fuel cells. Applied Catalysis B: Environmental 2020, 272, 118955.
3.
Wang, H.; Kong, D.; Johanes, P.; Cha, J. J.; Zheng, G.; Yan, K.; Liu, N.; Cui, Y.,
MoSe2 and WSe2 Nanofilms with Vertically Aligned Molecular Layers on Curved and Rough
Surfaces. Nano Letters 2013, 13 (7), 3426-3433.
4.
Kwon, I. S.; Kwak, I. H.; Debela, T. T.; Abbas, H. G.; Park, Y. C.; Ahn, J.-p.; Park, J.;
Kang, H. S., Se-Rich MoSe2 Nanosheets and Their Superior Electrocatalytic Performance for
Hydrogen Evolution Reaction. ACS Nano 2020, 14 (5), 6295-6304.

82

5.
Zhang, K.; Li, Y.; Deng, S.; Shen, S.; Zhang, Y.; Pan, G.; Xiong, Q.; Liu, Q.; Xia, X.;
Wang, X.; Tu, J., Molybdenum Selenide Electrocatalysts for Electrochemical Hydrogen Evolution
Reaction. ChemElectroChem 2019, 6 (14), 3530-3548.
6.
Kong, D.; Wang, H.; Cha, J. J.; Pasta, M.; Koski, K. J.; Yao, J.; Cui, Y., Synthesis of
MoS2 and MoSe2 Films with Vertically Aligned Layers. Nano Letters 2013, 13 (3), 1341-1347.
7.
Tsai, C.; Chan, K.; Abild-Pedersen, F.; Nørskov, J. K., Active edge sites in MoSe2 and
WSe2 catalysts for the hydrogen evolution reaction: a density functional study. Physical Chemistry
Chemical Physics 2014, 16 (26), 13156-13164.
8.
Gao, D.; Xia, B.; Zhu, C.; Du, Y.; Xi, P.; Xue, D.; Ding, J.; Wang, J., Activation of the
MoSe2 basal plane and Se-edge by B doping for enhanced hydrogen evolution. Journal of
Materials Chemistry A 2018, 6 (2), 510-515.
9.
Zhang, N.; Ma, W.; Wu, T.; Wang, H.; Han, D.; Niu, L., Edge-rich MoS2 Naonosheets
Rooting into Polyaniline Nanofibers as Effective Catalyst for Electrochemical Hydrogen
Evolution. Electrochimica Acta 2015, 180, 155-163.
10.
Lu, X.; Lin, Y.; Dong, H.; Dai, W.; Chen, X.; Qu, X.; Zhang, X., One-Step Hydrothermal
Fabrication of Three-dimensional MoS2 Nanoflower using Polypyrrole as Template for Efficient
Hydrogen Evolution Reaction. Scientific Reports 2017, 7 (1), 42309.
11.
Lövenich, W., PEDOT-properties and applications. Polymer Science Series C 2014, 56 (1),
135-143.
12.
Winther-Jensen, B.; Winther-Jensen, O.; Forsyth, M.; MacFarlane, D. R., High Rates of
Oxygen Reduction over a Vapor Phase–Polymerized PEDOT Electrode. Science 2008, 321 (5889),
671.
13.
Guo, Z.; Qiao, Y.; Liu, H.; Ding, C.; Zhu, Y.; Wan, M.; Jiang, L., Self-assembled
hierarchical micro/nano-structured PEDOT as an efficient oxygen reduction catalyst over a wide
pH range. Journal of Materials Chemistry 2012, 22 (33), 17153-17158.
14.
Wang, C.; Shao, X.; Pan, J.; Hu, J.; Xu, X., Redox bifunctional activities with optical
gain of Ni3S2 nanosheets edged with MoS2 for overall water splitting. Applied Catalysis B:
Environmental 2020, 268, 118435.
15.
Liu, Y.; Jiang, S.; Li, S.; Zhou, L.; Li, Z.; Li, J.; Shao, M., Interface engineering of (Ni,
Fe)S2@MoS2 heterostructures for synergetic electrochemical water splitting. Applied Catalysis
B: Environmental 2019, 247, 107-114.
16.
Zhu, Y.; Song, L.; Song, N.; Li, M.; Wang, C.; Lu, X., Bifunctional and Efficient CoS2–
C@MoS2 Core–Shell Nanofiber Electrocatalyst for Water Splitting. ACS Sustainable Chemistry
& Engineering 2019, 7 (3), 2899-2905.
17.
Hu, Z.; Wu, Z.; Han, C.; He, J.; Ni, Z.; Chen, W., Two-dimensional transition metal
dichalcogenides: interface and defect engineering. Chemical Society Reviews 2018, 47 (9), 31003128.
18.
Zhao, X.; Sui, J.; Li, F.; Fang, H.; Wang, H.; Li, J.; Cai, W.; Cao, G., Lamellar MoSe2
nanosheets embedded with MoO2 nanoparticles: novel hybrid nanostructures promoted excellent
performances for lithium ion batteries. Nanoscale 2016, 8 (41), 17902-17910.
19.
Wang, H.; Diao, Y.; Rubin, M.; Santino, L. M.; Lu, Y.; D’Arcy, J. M., Metal OxideAssisted PEDOT Nanostructures via Hydrolysis-Assisted Vapor-Phase Polymerization for Energy
Storage. ACS Applied Nano Materials 2018, 1 (3), 1219-1227.
20.
Wang, H.; Jiang, H.; Hu, Y.; Li, N.; Zhao, X.; Li, C., 2D MoS2/polyaniline
heterostructures with enlarged interlayer spacing for superior lithium and sodium storage. Journal
of Materials Chemistry A 2017, 5 (11), 5383-5389.

83

21.
Zhang, S.; Chowdari, B. V. R.; Wen, Z.; Jin, J.; Yang, J., Constructing Highly Oriented
Configuration by Few-Layer MoS2: Toward High-Performance Lithium-Ion Batteries and
Hydrogen Evolution Reactions. ACS Nano 2015, 9 (12), 12464-12472.
22.
Shiojiri, M.; Isshiki, T.; Saijo, H.; Yabuuchi, Y.; Takahashi, N., Cross-Sectional
Observations of Layer Structures and Stacking Faults in Natural and Synthesized Molybdenum
Disulfide Crystals by High-Resolution Transmission Electron Microscopy. Journal of Electron
Microscopy 1993, 42 (2), 72-78.
23.
Enyashin, A. N.; Bar-Sadan, M.; Houben, L.; Seifert, G., Line Defects in Molybdenum
Disulfide Layers. The Journal of Physical Chemistry C 2013, 117 (20), 10842-10848.
24.
Najmaei, S.; Liu, Z.; Zhou, W.; Zou, X.; Shi, G.; Lei, S.; Yakobson, B. I.; Idrobo, J.C.; Ajayan, P. M.; Lou, J., Vapour phase growth and grain boundary structure of molybdenum
disulphide atomic layers. Nature Materials 2013, 12 (8), 754-759.
25.
Li, Z.; Yan, X.; Tang, Z.; Huo, Z.; Li, G.; Jiao, L.; Liu, L.-M.; Zhang, M.; Luo, J.;
Zhu, J., Direct observation of multiple rotational stacking faults coexisting in freestanding bilayer
MoS2. Scientific Reports 2017, 7 (1), 8323.
26.
Zhou, W.; Zou, X.; Najmaei, S.; Liu, Z.; Shi, Y.; Kong, J.; Lou, J.; Ajayan, P. M.;
Yakobson, B. I.; Idrobo, J.-C., Intrinsic Structural Defects in Monolayer Molybdenum Disulfide.
Nano Letters 2013, 13 (6), 2615-2622.
27.
Han, S. W.; Park, Y.; Hwang, Y. H.; Jekal, S.; Kang, M.; Lee, W. G.; Yang, W.; Lee,
G.-D.; Hong, S. C., Electron beam-formed ferromagnetic defects on MoS2 surface along 1 T phase
transition. Scientific Reports 2016, 6 (1), 38730.
28.
Lee, M.-H.; Chen, L.; Li, N.; Zhu, F., MoO3-induced oxidation doping of PEDOT:PSS
for high performance full-solution-processed inverted quantum-dot light emitting diodes. Journal
of Materials Chemistry C 2017, 5 (40), 10555-10561.
29.
Wang, J.; Wu, Z.; Yin, H.; Li, W.; Jiang, Y., Poly(3,4-ethylenedioxythiophene)/MoS2
nanocomposites with enhanced electrochemical capacitance performance. RSC Advances 2014, 4
(100), 56926-56932.
30.
Yang, Y.; Zhang, K.; Lin, H.; Li, X.; Chan, H. C.; Yang, L.; Gao, Q., MoS2–Ni3S2
Heteronanorods as Efficient and Stable Bifunctional Electrocatalysts for Overall Water Splitting.
ACS Catalysis 2017, 7 (4), 2357-2366.
31.
Krbal, M.; Prikryl, J.; Zazpe, R.; Dvorak, F.; Bures, F.; Macak, J. M., 2D MoSe2
Structures Prepared by Atomic Layer Deposition. physica status solidi (RRL) – Rapid Research
Letters 2018, 12 (5), 1800023.
32.
Huang, B.; Tian, F.; Shen, Y.; Zheng, M.; Zhao, Y.; Wu, J.; Liu, Y.; Pennycook, S. J.;
Thong, J. T. L., Selective Engineering of Chalcogen Defects in MoS2 by Low-Energy Helium
Plasma. ACS Applied Materials & Interfaces 2019, 11 (27), 24404-24411.
33.
Tongay, S.; Zhou, J.; Ataca, C.; Liu, J.; Kang, J. S.; Matthews, T. S.; You, L.; Li, J.;
Grossman, J. C.; Wu, J., Broad-Range Modulation of Light Emission in Two-Dimensional
Semiconductors by Molecular Physisorption Gating. Nano Letters 2013, 13 (6), 2831-2836.
34.
Li, X.; Li, X.; Zang, X.; Zhu, M.; He, Y.; Wang, K.; Xie, D.; Zhu, H., Role of hydrogen
in the chemical vapor deposition growth of MoS2 atomic layers. Nanoscale 2015, 7 (18), 83988404.
35.
Li, H.; Tsai, C.; Koh, A. L.; Cai, L.; Contryman, A. W.; Fragapane, A. H.; Zhao, J.;
Han, H. S.; Manoharan, H. C.; Abild-Pedersen, F.; Nørskov, J. K.; Zheng, X., Activating and
optimizing MoS2 basal planes for hydrogen evolution through the formation of strained sulphur
vacancies. Nature Materials 2016, 15 (1), 48-53.

84

36.
Kc, S.; Longo, R. C.; Wallace, R. M.; Cho, K., Surface oxidation energetics and kinetics
on MoS2 monolayer. Journal of Applied Physics 2015, 117 (13), 135301.
37.
Nan, H.; Wang, Z.; Wang, W.; Liang, Z.; Lu, Y.; Chen, Q.; He, D.; Tan, P.; Miao, F.;
Wang, X.; Wang, J.; Ni, Z., Strong Photoluminescence Enhancement of MoS2 through Defect
Engineering and Oxygen Bonding. ACS Nano 2014, 8 (6), 5738-5745.
38.
Li, G.; Zhang, D.; Qiao, Q.; Yu, Y.; Peterson, D.; Zafar, A.; Kumar, R.; Curtarolo, S.;
Hunte, F.; Shannon, S.; Zhu, Y.; Yang, W.; Cao, L., All The Catalytic Active Sites of MoS2 for
Hydrogen Evolution. Journal of the American Chemical Society 2016, 138 (51), 16632-16638.
39.
Le, D.; Rawal, T. B.; Rahman, T. S., Single-Layer MoS2 with Sulfur Vacancies: Structure
and Catalytic Application. The Journal of Physical Chemistry C 2014, 118 (10), 5346-5351.
40.
Sun, X.; Liu, X.; Liu, R.; Sun, X.; Li, A.; Li, W., PANI@Co-FeLDHs as highly efficient
electrocatalysts for oxygen evolution reaction. Catalysis Communications 2020, 133, 105826.
41.
Liu, Y.; Li, J.; Li, F.; Li, W.; Yang, H.; Zhang, X.; Liu, Y.; Ma, J., A facile preparation
of CoFe2O4 nanoparticles on polyaniline-functionalised carbon nanotubes as enhanced catalysts
for the oxygen evolution reaction. Journal of Materials Chemistry A 2016, 4 (12), 4472-4478.
42.
Ramani, S.; Cogal, S.; Lowe, J.; Bhethanabotla, V. R.; Kuhn, J. N., Hybrid
Co@Ni12P5/PPy microspheres with dual synergies for high performance oxygen evolution.
Journal of Catalysis 2020, 391, 357-365.
43.
Liu, Y.; Cheng, H.; Lyu, M.; Fan, S.; Liu, Q.; Zhang, W.; Zhi, Y.; Wang, C.; Xiao,
C.; Wei, S.; Ye, B.; Xie, Y., Low Overpotential in Vacancy-Rich Ultrathin CoSe2 Nanosheets
for Water Oxidation. Journal of the American Chemical Society 2014, 136 (44), 15670-15675.
44.
Wang, J.; Cui, W.; Liu, Q.; Xing, Z.; Asiri, A. M.; Sun, X., Recent Progress in CobaltBased Heterogeneous Catalysts for Electrochemical Water Splitting. Advanced Materials 2016,
28 (2), 215-230.
45.
Pang, Q.-Q.; Niu, Z.-L.; Yi, S.-S.; Zhang, S.; Liu, Z.-Y.; Yue, X.-Z., Hydrogen-Etched
Bifunctional Sulfur-Defect-Rich ReS2/CC Electrocatalyst for Highly Efficient HER and OER.
Small 2020, n/a (n/a), 2003007.
46.
Zhang, Y.; Zhang, C.; Guo, Y.; Liu, D.; Yu, Y.; Zhang, B., Selenium vacancy-rich CoSe2
ultrathin nanomeshes with abundant active sites for electrocatalytic oxygen evolution. Journal of
Materials Chemistry A 2019, 7 (6), 2536-2540.
47.
Xu, L.; Jiang, Q.; Xiao, Z.; Li, X.; Huo, J.; Wang, S.; Dai, L., Plasma-Engraved Co3O4
Nanosheets with Oxygen Vacancies and High Surface Area for the Oxygen Evolution Reaction.
Angewandte Chemie International Edition 2016, 55 (17), 5277-5281.

85

CHAPTER 5: PHASE DEPENDENT OXYGEN EVOLUTION ON COBALT
CHALCOGENIDES
Note to Reader: This chapter will be submitted as a manuscript to a journal.
5.1 Abstract
Cobalt chalcogenides have gained enormous attention as catalyst materials for applications
in electrochemical oxygen evolution reactions. In this work, we explore the close connection of
active Co atoms in different crystal structures and coordinated anions towards OER. Solution
based synthesis techniques are employed to synthesize four cobalt chalcogenides – hexagonal
CoS/Se and cubic Co9(Se/S)8. XPS analysis reveals the presence of higher Co(III) atoms at the
surface of cubic chalcogenides. Transpiring at lower potentials, cubic chalcogenides form greater
number of catalytically active cobalt species, while selenides facilitate excellent charge transfer
properties. In comparison with other catalysts in this study, cubic Co9Se8 demonstrates remarkably
low 10 of 290 mV along with decreased Tafel slopes for OER.
5.2 Introduction
Increased awareness consumption of fossil fuels has led to the search of sustainable and
renewable technologies, especially electrochemical conversion and storage devices. Despite lot of
efforts, its widespread commercialization is primarily limited due to cost of electrode materials
and poor kinetics of oxygen evolution reaction (OER). Currently, noble metal based catalysts like
Ir or Ru have been employed as electrodes to catalyze the reaction efficiently.1, 2 Hence, efforts
towards designing low cost, highly abundant and stable electrocatalysts that can actively replace
the state of the art electrode materials is crucial. Earlier attempts to improve the electrocatalytic
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OER performance were focused on designing novel electrocatalysts, especially transition metal
based materials. A variety of transition metal (TM) based catalysts, like oxides,3 hydroxides,4
phosphides,5 nitrides,6 carbides7 and chalcogenides8, have demonstrated great potential as
electrode materials for OER.
In TM catalysts, general mechanism involves coordination of oxygen intermediates at the
active metal site to undergo a series of oxidation and deprotonation steps to finally release
molecular oxygen.9 Therefore, designing efficient electrode materials require fundamental
mechanistic understanding to improve reaction kinetics and overall performance. A close
dependence in adsorption strength of these intermediate species (O*, OH* and OOH*) have been
identified as a key descriptor affecting overall reaction kinetics.10 Previous research focused on
engineering material properties via optimizing synthesis parameters to control morphology and
size,11 heteroatom doping,12,

13

generating defects14 and incorporating conductive supports.15

Underlying theory behind these approaches involve tweaking the electronic properties of active
metal sites to optimize the binding energies of intermediates. Exploration of all first row transition
metals revealed a volcano-type plot, emphasizing great prospects for Ni, Co and Fe based catalysts
due to their optimal M-OH bond strength.16, 17
In particular cobalt chalcogenides, have garnered a lot of attention due to their low cost,
high availability, good conducting properties and variable stoichiometries with different chemical
behavior, like CoX, CoX2, Co3X4, Co3X2, Co9X8, Co7X8 (X = S/Se/Te). Souleymen et al. reported
tunable catalytic properties in terms of crystal structure, surface area and conductivity via
annealing in ultrathin cobalt sulfide nanosheets.18 Another study by Zhang et al., corelated the
simultaneous existence of multiple sulfide phases in (Co-CoS2)x@Co9S8 to exhibit higher catalytic
properties compared to pure CoS/CoS2.19 In terms of geometry, primary difference in these crystal

87

structures arise due to varying coordination numbers of active cobalt atoms. Cobalt atoms
occupying octahedral and tetrahedral geometry have been a conflicting point of investigation,
establishing a need to elucidate site specific catalytic activity.20, 21 Considering the tunable band
gap properties in varying crystal structures, Xu et al., unraveled the structure dependent OER
performance in nickel selenides.22
Here, we synthesized four model cobalt chalcogenides - Co9Se8, Co9S8, CoSe and CoS, to
understand the role of crystal structure and anion towards catalytic activity. With similar
morphology, revealed using TEM studies, a comparison based on accessible Co(III) sites is
achieved. Formation of higher amounts of such cobalt sites in cubic 9:8 chalcogenides accelerate
the reaction kinetics towards chemisorption of hydroxyl ions. Presence of higher Co(III) atoms are
further corroborated using surface analysis. We report cubic Co9Se8 as the best catalyst with a very
low overpotential and great potential towards electrochemical OER.
5.3 Experimental Methodology
5.3.1 Chemicals and purity.
Se powder (99.9%), Co(Ac)2.4H2O (99.9%), benzyl alcohol (99.8%), thiourea (>99.0%),
ethylenediamine (>99.0%), Co(NO3)2.6H2O (98%), ethylene glycol (99.8%), NaOH pellets
(>98.0%), N2H4.H2O (64-65 %), S powder (99.9%), ethanol (>99.9%). All chemicals were used
without further purification.
5.3.2 Synthesis of Cubic Co9Se8.23
Briefly, Co(Ac)2.4H2O and Se powder is added into benzyl alcohol and stirred vigorously
for 1 h. The solution is transferred into a round bottom flask and heated at 180 ⁰C for 24 h. After
cooling to room temperature, the black product is washed multiple times with ethanol and dried at
80 ⁰C.
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5.3.3 Synthesis of Hexagonal CoS.24
A synthesis method reported by Zhu et al. is employed. In this method, Co(Ac)2.4H2O and
thiourea are dissolved in distilled water (DW) and stirred for 30 min. To this solution, 300 mL
ethylenediamine is added and stirred for 1 h. The contents are transferred to Teflon autoclave and
heated at 180 ⁰C for 12 h. The obtained black product is centrifuged with DW and ethanol several
times and finally dried at 60 ⁰C.
5.3.4 Synthesis of Hexagonal CoSe.
The synthesis proceeds with 1:1 molar ratio of Co:Se. Co(NO3)2.6H2O is dissolved in 15
mL ethylene glycol and labelled as Co solution. In a separate beaker containing 10 mL 1 M NaOH,
Se powder is dispersed using ultrasonication for 30 min. Se dispersion is mixed with Co solution
and stirred for 30 min before adding 2 mL N2H4.H2O. Finally, the contents are transferred into a
Teflon autoclave and heated at 140 ⁰C for 24 h. The obtained precipitate is washed with DW and
ethanol multiple times and dried at 80 ⁰C.
5.3.5 Synthesis of Cubic Co9S8.
Same procedure as hexagonal CoSe. Instead of Se, S powder dispersed in 1 M NaOH is
added to Co solution. The molar ratio of Co:S is maintained at 1:1. Temperature and duration is
kept same as hexagonal CoSe.
5.3.6 Material Characterizations.
X-ray diffraction (XRD) studies were performed using Cu anode target (λ=1.5418 Å) on
Bruker/D8 Advance to determine phase and crystal structure for all catalysts. For all
morphological analysis, Tecnai F20 transmission electron microscope (TEM) was used with an
accelerating voltage of 200 kV and a point resolution of 0.24 nm. For surface electronic properties,
ULVAC-PHI X-ray photoelectron spectroscopy (XPS) was used for survey and profile scans.

89

5.3.7 Electrochemical Analysis.
Electrochemical tests were done in 1 M KOH electrolyte using 3000 Gamry bipotentiostat.
The cell consists of three electrodes: saturated calomel reference electrode (SCE), Pt coil counter
electrode and glassy carbon working electrode. Reference electrode was calibrated in H2 saturated
electrolyte with Pt as both working and counter electrodes. Using SCE as reference electrode,
linear sweep voltammetry (LSV) test was performed at a scan rate of 10 mV/s to determine the
thermodynamic hydrogen evolution potential. This potential (V) at 0 mA was used to convert all
potentials to RHE scale. Working electrode was prepared using a drop cast technique to deposit
the catalyst. Glassy carbon working electrode was polished using 0.05 μm alumina to clean the
surface before drop cast.
A dispersion of 4.0 mg catalysts and 20 μL nafion (2 wt%) in 1mL ethanol was used as
electrode inks. Then, 20 μL of the ink was deposited onto the working electrode and dried
thoroughly. Before performing electrochemical experiments, the working electrode was cleaned
with 0.05 m alumina. In addition, ultra-high pure N2 was purged in the electrolyte solution for 20
min. Using Gamry Framework, linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
analysis were performed at 50 mV/s and 5 mV/s, respectively. Electrochemical impedance analysis
(EIS) was done in a frequency range of 100 KHz to 0.1 Hz. Gamry analyst software was used to
fit the obtained Nyquist plots.
5.4 Results and Discussions
5.4.1 Phase and Morphology
Crystal structure dependent compositions of cobalt chalcogenides were synthesized using
solvothermal and solution-based techniques. In both techniques, chalcogen (Ch = Se or S) atoms
are reduced from elemental form to Ch2- and reacted with Co cations to finally yield cobalt
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Table 5.1 Lattice cell parameters and experimentally obtained atomic percentage of Ch:Co of
Co9S8, Co9Se8, CoS and CoSe.
Catalysts
a (Å)
c (Å)
Atomic percentage
Ch:Co
Cubic
Co9S8
9.9
0.83
Co9Se8
10.4
1.0
Hexagonal
CoS
3.4
5.2
1.9
CoSe
3.6
5.3
1.1
chalcogenides. The as-synthesized catalysts consist of two different compositions for each
chalcogen - Co9S8, Co9Se8, CoS and CoSe. Typical XRD patterns for all catalysts are shown in
Figure 5.1 a. The former 9:8 compositions crystallize in a cubic lattice with 𝐹𝑚3̅𝑚 space group.
Diffraction peaks of Co9S8 at 30.2⁰, 31.5⁰, 47.9⁰ and 52.5⁰ correspond to (311), (222), (511) and
(440), respectively. Similarly, for Co9Se8, peaks at 28.7⁰, 30.0⁰, 37.9⁰, 45.4⁰, 49.7⁰ and 59.7⁰
correspond to (311), (222), (331), (511), (440) and (622), respectively. These catalysts adopt a
distorted cubic close packing of chalcogens with 8 Co atoms accommodated in distorted
tetrahedral sites and 1 Co atom coordinated octahedrally.25 The calculated lattice cell parameter
(a) for Co9S8 and Co9Se8 is 9.9 Å and 10.4 Å, respectively (table 4.1). The latter compositions
(CoS and CoSe) belong to a hexagonal crystal lattice with P63/mmc space group and a 1:1 mole
ratio. Its unit cell consists of chalcogen atoms forming a hexagonal close packing structure with
Co atoms occupying all octahedral voids.26 As shown in Figure 5.1 a, CoS displays peaks at 31.2⁰,
35.8⁰, 47.5⁰ and 55.1⁰ corresponding to (100), (101), (102) and (110), respectively. Meanwhile,
CoSe displays major diffraction peaks at 33.7⁰, 45.4⁰, 51.2⁰, 60.7⁰ and 62.5⁰ corresponding to (101),
(102), (110), (103) and (201), respectively. Absence of any other peaks suggest successful
synthesis of pure phase chalcogenides. Their calculated lattice cell parameters -

a and c,

represented in table 4.1, closely matches with the previously reported studies. In both hexagonal
and cubic crystal structures, Se based catalysts exhibited better crystallinity compared to S based
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Figure 5.1 (a) XRD patterns of cubic Co9Se8 and Co9S8; hexagonal CoSe and CoS, TEM
images of (b, c) CoSe, (d, e) CoS, (f, g) Co9Se8, (h, i) Co9S8.
catalysts. In addition to that, absence of certain reflections in S based catalysts suggest disorder in
its crystal lattice. Electron microscopy images, shown in Figure 5.1 b-i, provided insights on the
morphology of all four catalysts. Apart from CoS, all catalysts display nanosheet like morphology
with random orientation, exposing both edge and basal planes. The nanosheets revealed edge
thickness of about 4-9 nm. Although CoS displayed similar morphology, these nanosheets
selectively exposed only basal planes. Hence, the edge thickness of CoS nanosheets could not be
estimated. HRTEM for all catalysts evidently showed that these nanosheets had crystalline lattice
fringes (Figure 5.1 c, e, g, i). The most common lattice fringes in hexagonal crystal system are
indexed to (002) crystallographic plane, while that of cubic corresponded to (400) plane. With
similar morphology, this work presents an opportunity to compare the electrocatalytic performance
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of these four catalysts based on changes in surface electronic properties of Co active sites and
establishes a crystal structure dependent relationship on OER activity.
5.4.2 Structural Electronic changes
Elemental composition and insights into understanding crystal structure derived variations
in surface electronic properties were studied using XPS analysis. Experimentally obtained atomic
percentages of Ch:Co for each catalyst is depicted in table 4.1. The resulting atomic percentage,
S:Co (0.83) and Se:Co (1.0), in cubic systems closely match the theoretical value - 0.89. Also,
atomic percentage ratio of Se:Co in hexagonal CoSe (1.1) agrees well with experimentally reported
literature value.27 However, large deviations from theoretical value were observed for hexagonal
CoS (S:Co - 1.9), indicating the presence of excess unsaturated S atoms at the surface. Such S rich
surfaces, up to two times higher, have been previously reported in cobalt sulfides.28 These catalysts
pose a disadvantage towards OER owing to concealed active metal sites that primarily contribute
to the performance.
Figure 5.2 presents individual peaks corresponding to Co 2p, Se 3d and S 2p profiles. In
most chalcogenides, Co commonly exists in (II) oxidation state, displaying a prominent spin-orbit
component corresponding to Co 2p3/2 at ~ 781 eV. However, in Co9Se8 or Co9S8, the chemical
bonding states of cobalt can be more complex. In such cases, identifying the oxidation state of Co
becomes more challenging due to close binding energies of Co(II) and Co(III). Nevertheless, both
these Co species have a distinct 2p3/2-2p1/2 peak separation value (ΔE), that corresponds to 16 eV
for Co(II) and 15 eV for Co(III).29 Experimentally calculated ΔE values from survey spectra are:
15.6 eV – Co9Se8, 15.7 eV – CoSe, 15.9 eV – Co9S8 and 16.0 eV – CoS. This suggests that
preferred oxidation state in sulfides is likely to exhibit Co(II) bonding characteristics.
Deconvolution of Co 2p profile of hexagonal CoS exhibited one low binding energy peak that is
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Figure 5.2 XPS profiles of CoS, Co9S8, CoSe and Co9Se8 - (a, c) Co 2p, (b) S 2p and (d) Se 3d.
assigned to Co(II), along with its typical satellite peak (Figure 5.3 a).30 Its corresponding S 2p
profile exhibits two spin-orbit components related to Co-S bond at 161.6 eV (2p3/2) and 162.8 eV
(2p1/2). The S 2p doublet peaks are constrained with an area ratio of 2:1 and ΔE of 1.18 eV as
shown in Figure 5.2 b. A small peak at higher binding energy (163.8 eV) can correspond to R-SH,
indicating the existence of some impurities from precursors at the surface, corroborating elemental
analysis.31 It is also essential to note that hexagonal CoS was less susceptible to surface oxidation,
with a minor S-O (sulfates) peak at 168.5 eV. Presence of organic sulfur species can act as
protective ligands and prevent surface oxidation, upon exposure to air.32, 33 Significant difference
was observed in the deconvoluted peaks of Co 2p profiles for other catalysts, verifying change in
its electronic properties and chemical environment. In case of cubic Co9S8 (Figure 5.2 a),
deconvolution of Co 2p revealed two spin orbit components corresponding to Co 2p3/2 along with
a broad satellite peak. Main peaks appearing at 779.0 eV and 781.4 eV correspond to Co(III) and
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Co(II), respectively. Integrated peak area ratio of CoIII/CoII is calculated to be 0.3. Its S 2p profile
has a doublet at lower binding energies that correspond to cobalt sulfides and a major peak at 168.7
eV, suggesting that the surface of cubic Co9S8 is relatively more susceptible to oxidation (Figure
5.2 b).
Meanwhile, ΔE values for cobalt selenides indicate that Co favors mixed oxidation states
(II)/(III), with Co9Se8 having the lowest ΔE value. Both hexagonal CoSe and cubic Co9Se8 (Figure
5.2 c) display two main 2p3/2 peaks corresponding to Co(III) and Co(II), along with a typical
satellite peak.34 Notably, the integrated peak area ratio of CoIII/CoII in cubic Co9Se8 (0.9) is largest,
followed by hexagonal CoSe (0.6). Presence of metal sites in higher oxidation states at the surface
have been reported to exhibit promotional effect towards OER electrocatalytic performance.35 Se
3d profile consists of typical peaks corresponding to Co-Se and Se-O bonds at 53.2 eV and 57.6
eV, respectively. The higher binding energy peak arises due to oxidation of the surface Se atoms
from exposure to air. These results imply that the charge state of Co is manipulated due to chemical
environment changes dependent on crystal structure and anions.
5.4.3 Electrochemical Oxygen Evolution Studies
Electrocatalytic OER performance was tested using a three-electrode set up with glassy
carbon working electrode in 1 M KOH. All polarization curves, shown in Figure 5.3, were taken
after 20 CV cycles to obtain a stable current response. Figure 5.3 a illustrates polarization curves
depicting the electrocatalytic OER activity of all four catalysts. Overpotential (10) is reported at
10 mA/cm2, normalized to geometric surface area of the electrode and has the following trend Co9Se8 : 290 mV < Co9S8 : 310 mV < CoSe : 330 mV < CoS : 360 mV. Hexagonal CoS exhibited
a high 10 of 360 mV suggesting poor performance along with a calculated Tafel slope of 80
mV/dec. While hexagonal CoSe showed a slight improvement in overpotential, dramatic lowering
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of Tafel slope (64 mV/dec) suggests faster reaction kinetics in selenides. Notably, cubic Co9Se8
exhibited superior performance with mere 10 of 290 mV and Tafel slope of 60 mV/dec, followed
by cubic Co9S8 with 10 of 310 mV and Tafel slope of 66 mV/dec. Significant enhancements in
OER performance of cubic chalcogenides compared to hexagonal counterparts imply a strong

Figure 5.3 (a) LSV polarization curves of CoS, Co9S8, CoSe and Co9Se8 for oxygen
evolution, (b) Tafel plot in 1 M KOH, (c) Redox peak positions corresponding to CoII/CoIII
conversion, (d) number of Co atoms from integrated peak area, (e) Nyquist plot showing
2
Rct for different catalysts and (f) relative ECSA and overpotential at 1 mA/𝑐𝑚𝐸𝐶𝑆𝐴
of the
catalysts.
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crystal structure relation. In addition, low computed Tafel slopes in selenides (Figure 4 b) suggest
that rate limiting step i.e., chemisorption of hydroxyl ions, is highly favored.
To understand the reaction kinetics and mechanism of OER on these four catalysts,
voltametric sweeps were examined for redox peaks. Prior to OER, metal chalcogenides undergo
surface oxidation or reconstruction resulting in the formation of metal oxide or hydroxide shell.36
Often regarded as precatalysts, cobalt chalcogenides are transformed to Co(OH)2 or CoOOH by
coordinating with OH- at the electrolyte interface.37, 38 While metal oxides or hydroxides are the
active phase for OER, presence of chalcogenide core has been demonstrated to accelerate electron
transport properties in the bulk and thereby, improve the catalytic performance.39,

40

Initial

potential sweeps demonstrated an anodic oxidation peak around 1.1 V representing the
electrochemical conversion of CoII to CoIII (Figure 5.3 c).41 Two striking features were observed
in these redox peaks that provided an understanding of the availability and capability of active Co
sites in different crystal structures and coordination environment towards OER. First, anodic peak
current in both hexagonal and cubic selenides attained a maximum at lower potentials compared
to sulfides. This facilitated redox conversion in selenides is attributed to the presence of covalent
Co-Se bonds.42 Similarly, presence of selenides promote better charge transport properties due to
metallic Se-Se bonds.43, 44 A compilation of various chalcogenides, tested for OER, revealed that
metal selenides facilitate chemisorption of OH- ions, while in sulfides strong electron affinity of
divalent S2- anions impede this interaction.45 This further hinders generation of electrocatalytically
active higher valent cobalt atoms. Therefore, difference in electron cloud density around Co atoms,
resulting from varying anions, affect the overall electrocatalytic performance. Second, the total
number of Co atoms undergoing redox conversion can be obtained from the integrated peak area,46
and has the following trend: Co9Se8 (4.34E17) > Co9S8 (1.43E17) > CoSe (1.38E17) > CoS
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Table 5.2 Charge transfer resistance (Rct) and relative ECSA of Co9S8, Co9Se8, CoS and CoSe.
Catalysts

Rct (Ω)

Relative ECSA

Co9Se8

15.4

3.1

Co9S8

25.5

1.5

CoSe

34.7

1.3

CoS

38.6

1.0

(2.17E16), as shown in Figure 5.3 d. Evidently, cubic Co9Se8 revealed highest number of Co(II)
atoms participating in the redox conversion process, followed by Co9S8. Although the oxidation
peak potential of hexagonal CoSe is lower compared to cubic Co9S8, the total number of Co atoms
undergoing the redox conversion is nearly equivalent. Meanwhile, the anodic peak intensity is
highly suppressed in hexagonal CoS, resonating well with XPS results. As evidenced from surface
analysis of hexagonal CoS, presence of organic thiols can block active Co sites for direct
coordination with OH-, resulting in poor catalytic activity. These results summarize the ease of
cubic chalcogenides to generate Co(III) efficiently, compared to its respective hexagonal
analogues. A recent report attributed three times larger OER current density in Ni3Se2 to structural
flexibility offered by metal atoms in low coordination geometry, compared to Ni or NiSe.22
Another study by Lyu et al. also credited superior OER performance of -Co(OH)2 to the
formation of higher valent Co species by tetrahedrally coordinated Co(II) atoms.47 Subsequently,
occurring at the interface of these two aspects, cubic Co9Se8 exhibiting excellent OER performance
along with a low Tafel slope is very well justified. With different coordination number and bond
distance, the ability of chalcogenides to exhibit stable surface reorganization and formation of
higher valent cobalt ions impact its performance and stability.48 Low coordination numbers and
longer bond distances in Co9Se8 facilitates Co(III) formation and surface restructuring during
oxidation reactions. To further provide insights on the reaction kinetics and intrinsic charge
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transfer properties of these catalysts, EIS studies were performed. Nyquist plots were analyzed to
calculate charge transfer resistance (Rct) values, as depicted in Figure 5.3 e and table 5.2. A low
Rct of 15.4 Ω is in accordance with the superior OER activity exhibited by cubic Co9Se8. This low
Rct value emphasizes excellent electron transfer properties due to the presence of highly active
Co3+ ions at the surface. Additionally, a high Rct of 38.6 Ω in hexagonal CoS suggests poor
adsorption of intermediates and electron transfer processes, further verifying Tafel analysis.
Interestingly, although cubic Co9S8 and hexagonal CoSe exhibit similar hydroxyl adsorption
properties, with nearly equivalent CoIII atoms and Tafel slopes, obvious difference in activity is
evidenced at higher overpotentials. At 1.61 V, cubic Co9S8 achieves a current density of 50
mA/cm2, which is >1.5 times more than hexagonal CoSe (Figure 5.3 a). These variations highlight
the difference in intrinsic electron conductivity of these two catalysts. In particular, cubic Co9S8
displayed much less Rct (25.5 Ω) compared to hexagonal CoSe (34.7 Ω). This improved charge
carrier mobility is attributed to cobalt rich cubic chalcogenides with metallic Co-Co bonds.49
Previous work demonstrating similar results display four times higher catalytic reduction of 4nitrophenol by Co9S8 due to effective electron transport properties, compared to CoS or CoS2.30
Moreover, Qiu et al. demonstrated that the electrical conductivity of Co9S8 type catalysts can be
improved further by heteroatom doping which simultaneously enhances OER activity.50 It is
important to note that current density is dependent on catalyst loading and therefore,
electrochemically active surface area (ECSA) normalized current density accurately reflects the
intrinsic properties of the catalyst. Relative ECSA was obtained from the double layer capacitance
values by considering the value of CoS to be one. Benchmarking these chalcogenides in terms of
ECSA has the following trend: Co9Se8 (3.1) > Co9S8 (1.5) > CoSe (1.3) > CoS (1.0). ECSA
technique is intended as an estimate to compare the surface roughness of catalysts. Overpotential

99

at 1mA/cm2, current density normalized to ECSA, also has the same trend, indicating that
electrocatalytic activity scales with surface area.
5.5 Conclusions
In summary, four different cobalt chalcogenides are synthesized using solvothermal and
solution based techniques. Surface analysis suggests the presence of higher amounts of Co(III)
species in cubic chalcogenides. With a low 10 of 290 mV and Tafel slope of 60 mV/dec, cubic
Co9Se8 demonstrates excellent OER activity. Facilitated exposure of Co atoms at the surface of
cubic chalcogenides to form highly active Co(III) ions accelerate the reaction kinetics resulting in
efficient binding of oxygen intermediates. Unravelling the effects of catalytically active Co sites
in different crystal structure and anion coordination towards electrochemical oxygen evolution
performance is achieved.
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CHAPTER 6: CONCLUSIONS AND FUTURE PERSPECTIVES
6.1 Conclusions
This study is focused on developing novel transition metal based catalysts as electrode
materials for oxygen electrocatalysis – oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER). The interaction of reaction intermediates at the active site, a key factor for overall
performance, was altered using various synthesis strategies like solution based, sol-gel and
solvothermal. Variations in the surface electronic properties introduced via doping or surface
functionalization were monitored using X-ray photoelectron spectroscopy. This work enabled
material property tuning in novel oxides, phosphides and selenides towards enhanced oxygen
electrocatalysis.
A series of rare earth metal (La) doping in WO3 systems at different compositions – 0, 5
%, 10 % and 20% is investigated using a sol-gel technique. Preliminary optimization involved
obtaining a pure phase of WO3 by varying annealing temperature – 400 ⁰C, 550 ⁰C, 700 ⁰C and
820 ⁰C. At 550 ⁰C, crystalline WO3 peaks were observed exhibiting monoclinic diffraction peaks.
La incorporation improved the crystallinity of the material along with a transformation from
 to  phase of monoclinic WO3. This resulted in a reduction of nanoparticle size to 13-16 nm.
With higher amounts of La, unidirectional growth of these nanoparticles to form nanorods were
observed. High resolution transmission electron microscope (HRTEM) images revealed selective
exposure of catalytically active (002) crystallographic plane. Further, introduction of basic La
species significantly altered the surface electronic properties of WO3. Increased La amounts
resulted in higher surface adsorption of hydroxyl ions, simultaneously introducing oxygen vacancy
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(Ovac) defects. Higher Ovac defects directly correlated the enhanced electrocatalytic performance
in 10% La/WO3. Due to the combined presence of highly active (002) plane and Ovac, the Tafel
slope was considerably lowered, indicating improved reaction kinetics.
For oxygen evolution reactions, effect of surface functionalization of transition metals was
explored using Ni12P5, polypyrrole (PPy) and Co. A hybrid structure, synthesized using a multistep
process, resulted in Co@Ni12P5/PPy electrocatalyst. A core-shell structure of Ni12P5/PPy was
observed using TEM analysis. Incorporation of PPy, with an electronegative N, created synergic
Ni-N sites, with a highly electropositive Ni++ active center. Higher amounts of surface Ni atoms
in Ni12P5/PPy improved the kinetics towards surface hydroxyl adsorption. In addition, dual
synergic sites were integrated with the electrodeposition of Co, creating Co-N sites.
Co@Ni12P5/PPy showed excellent affinity towards hydroxyl ions along with improved charge
transfer properties. Role of M-N sites were demonstrated, in Co@Ni12P5 (without PPy), to result
in significantly high overpotential. Superior stability up to 7 h of electrochemical cycling
highlighted the ability of hybrid Co@Ni12P5/PPy as an efficient electrode material.
Transition metal chalcogenides are a well-studied class of electrode materials for water
electrolysis. The last two chapters of this work explored the effects of doping and crystal structure
relationship towards OER activity. Heterostructure interfaces of CoSe2-MoSe2/PEDOT were
obtained using a solvothermal technique. Using HRTEM analysis, PEDOT intercalation between
CoSe2-MoSe2 nanosheets was shown to increase the d-spacing of (002) plane. Two types of defect
sites - selenium vacancies (VSe) and lattice dislocations were identified in CoSe2-MoSe2/PEDOT,
that provided additional active sites for OER. Increased amounts of surface oxidized species,
associated with VSe formation, were quantified to be 7% in CoSe2-MoSe2/PEDOT. A remarkably
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low Tafel slope of 39 mV/dec was achieved due to the formation of CoSe2 interface. CoSe2MoSe2/PEDOT was found to be stable up to 100 cycles of CV with an overpotential of 1.53 V.
While incorporating a second metal alters the binding properties of reaction intermediates,
understanding the structure-activity relationship can provide useful insights towards designing
catalysts. Two systems – hexagonal (P63/mmc) and cubic (Fm3m) crystal structures were
synthesized to understand the effect of coordination in cobalt chalcogenides. Experimental
analysis revealed varying amounts of Co(III)/Co(II) at the surface of these chalcogenides. Cubic
chalcogenides provided two types of coordination for Co metal and were demonstrated to have
higher valent metal sites. This redox conversion process, Co(II) to Co(III), was favored at lower
potentials at the surface of selenides, which resulted in obtaining higher current density. It was
found that selenides in cubic crystal structures are highly active for OER, compared to other
catalysts in this study.
6.2 Future Perspectives
This study demonstrated transition metal catalysts that has great potential in
electrochemical reactions. Future focus of this work should be directed towards unraveling
reaction mechanism using extensive in-situ surface characterization - X-ray absorption
spectroscopy (XAS). OER and ORR are largely dependent on the surface states of the metal sites
and in-situ XAS can provide further insights on the catalyst-reactant-intermediate-product
interactions. This will allow for studying the crystal surface behavior while undergoing these
reactions. Identification of active sites and the evolution of intermediates and products over those
active sites will be possible by monitoring changing oxidation states and bond distances. Although
formation of surface oxides or hydroxides, at reaction conditions, in all non-oxide catalysts are
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well established, exact role of the non-oxide core is not explored. Probing the changes in oxidation
states of active metals at the surface is crucial in designing better catalysts.
Further, these transition metal catalysts can also exhibit great potential in other
electrochemical applications like hydrogen evolution reaction (HER), CO2 reduction reactions
(CO2RR) etc and act as bifunctional catalysts. That indicates stability of these catalysts over a wide
range of potentials and can impact its application in batteries and fuel cell technology. Another
key area to direct efforts in future is testing the performance of these catalysts in a full
electrochemical cell setup. After designing the precise choice of cathode and anode, performance
and stability in fully assembled fuel cells can help in translating these electrode materials to
commercial applications.
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